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PRINCIPAL TRACKS 
OF SOUTHERN HEMISPHERE EXTRATROPICAL CYCLONES 
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National Weather Records Center, U. S. Weather Bureau, Asheville, N. C. 
[Manuscript received August 7, 1957; revised December 4, 1957] 


Two years of Southern Hemisphere synoptic charts 1950 (less depressions appearing below 30° latitude) was 
completed in Boston, Mass., under the Southern Hemi- 15 percent higher than the average count for the three 
sphere Project of the U. S. Weather Bureau and charts Julys and three Januarys included in this study. It was 
completed more recently, by the South African Weather found that July storm counts above 30° latitude out- 
Bureau [1], have made valuable new source material number January storm counts by 13 percent. 
available to investigators of weather patterns south of the No concerted effort was made to determine areas of 
equator. cyclogenesis. However, the origin of storm tracks that 

The following is a brief resume of the source of data begin outside of the circumpolar trough agree in general 
and methods used in the determination of storm tracks with the cyclogenetic regions outlined by Vowinckel [3]. 
shown on each bimonthly chart (figs. 1-3). Synoptic Storms spawned in these areas usually move in an east- 
charts used for these provisional Southern Hemisphere southeast direction toward the circumpolar trough. Due 
storm tracks were prepared by the South African Weather to topographic, thermal, and other factors, certain areas 
Bureau {1]. Daily charts for the period January 1951 are preferred terminal points for the life histories of 
through November 1953 were used. All depressions of cyclonic storms. In the Antarctic region, the Ross Sea 
an intensity great enough to indicate they might maintain seems to be the outstanding “cyclone graveyard.” 
their identity for a few days were defined as storms. Storm tracks reach their maximum poleward displace- 
The positions of all storm centers above latitude 30° ment during the summer season and it is logical to expect 
were taken from the daily synoptic charts and entered a greater number of storm centers over the Antarctic Con- 
on Southern Hemisphere charts, on a monthly basis, as_tinent at this time than during any other season. Surface 
patterns of dots. Storm tracks were then drawn through data used in this investigation [1] indicate only one area 
axes of maximum concentration. To supplement this where storm centers appear well inland to any marked 
method, individual storm tracks were traced for all degree. This area, between the Ross and Weddell Seas 
months of the year. (Marie Byrd Land and Edith Ronne Land), is well ele- 

Gibbs [2] made a similar count in the Southern Hemi- vated in the coastal region with at least one peak rising 
sphere for the months of July 1949 and January 1950. to the 20,000-foot level. This barrier discourages pole- 
He noted “the location and central value of all pressure ward movement of storms near the outer limits of the 
systems having a closed isobar.” To get an idea of how continent, so apparently most of the storms go inland in 
much influence the definition of “storm” or “low pressure the Ross Sea area and finally dissipate inland, or in some 
center’ would have on the storm count of the two separate cases maintain their identity into the Weddell Sea region. 
investigations (differences in annual variation and source Definite areas of low storm frequency were noted along 
of data must also be considerations), a few comparisons the low pressure trough that encircles Antarctica. On a 
Were made of storm counts and storm positions. The longitudinal basis these areas of low frequency occur near 
count of low pressure centers for July 1949 and January 55° W. in the South Atlantic Ocean, 50° E. in the Indian 
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Ficure 1.—Principal extratropical cyclone tracks in the Southern Hemisphere (February-March). The prevailing direction of motio 

of cyclones is indicated by the arrows. Heavy solid lines denote primary tracks; dashed lines denote secondary, less frequent, and 

less well-defined tracks. Arrowheads end in areas where cyclone frequency is a local maximum. Storm tracks that originate outside 

of the circumpolar trough may actually begin farther to the west or northwest. Such arrows begin slightly east of the source regio 

where the track has become more clearly defined. ares 


Ocean, and 160° W. in the South Pacific Ocean. These all through the winter season. This is the Southern Hem F 
areas are better defined in the fall and early spring months isphere region and season with the least observations, % 
than in other seasons, except in the South Pacific Ocean the reality of the above exception is open to question. (5), 
where the storm frequency is low within the circumpolar These low storm frequency areas may be preferred 
trough, in the area between 100° and 160° W. longitude, regions for polar outbreaks and agree in location with 
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tion Figure 2.—Principal extratropical cyclone tracks in the Southern Hemisphere (June-July). 


areas outlined by van Loon [4] where stagnating high REFERENCES 


pressure systems that persist for at least 6 days are most 1. “gouthern Hemisphere Analysis Project of the South African 
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Ficure 3.—Principal extratropical cyclone tracks in the Southern Hemisphere (October-November). 
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AUTOMATIC INCORPORATION OF NUMERICAL SHORT-RANGE 
PROGNOSES IN 5-DAY CIRCULATION FORECASTS 


CARLOS R. DUNN 


Extended Forecast Section, U. S. Weather Bureau, Washington, D. C. 
[Manuscript received October 29, 1957] 


ABSTRACT 


One of the basic aids in the preparation of extended forecasts is a 5-day mean mid-tropospheric chart centered on 
the day of the forecast, with associated instantaneous height tendencies, the unknown data being computed by 
autocorrelation techniques. Substitution of values from the barotropic 24-hour and 48-hour numerical prognoses 
for these unknowns objectively incorporated recent gains in short-period prognoses. Comparison of the statistically 
and physically computed mean charts and their tendencies suggests superiority of the latter over North America and . 
the Atlantic, but not over the Pacific where errors in the barotropic prognoses, which are probably due to improper 


boundary assumptions and omitted physical processes, play an important role. 


Dynamic considerations can be © 


applied to the new mean chart to suggest subsequent changes which may not be indicated kinematically. 


1, INTRODUCTION 


Within a few months after the beginning of routine 
numerical forecasting in May 1955, the Joint Numerical 
Weather Prediction (JNWP) Unit was producing a number 
of short-range prognoses derived from both barotropic and 
baroclinic prediction models. On receipt of these prog- 
nostic charts extended-range forecasters were confronted 
with a wealth of new information posing problems as to 
how to use it in practice. Several questions arose: (1) 
What was the prevailing accuracy of the various forecasts, 
both on an absolute scale and relative to each other, and 
to subjectively produced short-range prognoses? (2) If 
skillful, how could the prognoses best be assimilated in the 
5-day forecast procedure? 

Verification soon demonstrated that the currently avail- 
able numerical prognostic charts had definite skill for 24 
to 48 hours, but little skill beyond that time. For this 
reason, they obviously could find little use in directly 
estimating the circulation for a 5-day period commencing 
some 36 hours in the future. However, the U.S. Weather 
Bureau’s procedure in extended forecasting has long 
included the use of a mean map centered on forecast day 
(called a regression chart or half-week mean map), 
together with its centered mean height tendencies, as a 
stepping-stone in getting to the circulation pattern of the 
forecast period [1]. The constant-pressure height data for 
approximately the second half of this half-week period are 
unknown and therefore must be estimated in some way. 
In standard operating procedure these unknown heights 
have been estimated statistically by a simple linear 
regression equation based on the auto-lag-correlation of 
constant pressure heights at each standard latitude- 
longitude intersection [1]. Although this is fairly satis- 
factory for representing the contours and centered 2-day 


height tendencies of this mean chart, it was felt that a 
dynamical prognosis of the unknown height data might 
prove superior to a crude statistical technique. This 
seemed to be the very place where the new numerical 
prognoses could potentially aid most in the current 5-day 
forecasting procedure—that is, by providing a sounder 
estimate of the current state of the large-scale circulation 
and its immediate changes. The experiment described 
here is a first attempt at evaluating and using the JNWP 
numerical prognoses objectively in the 5-day forecast 
routine. 


2. THE PROBLEM OF COMPUTING 
THE HALF-WEEK CHART 


The half-week chart is the mean of the daily upper-air 
charts for five consecutive days, centered on forecast day, 
with a centered mean tendency superimposed. In this 
experiment only one chart per day was utilized, so that the 
mean height at each standard intersection of latitude and 
longitude is given by 


42) (1) 


whore Z, is the half-week mean chart value and the 
subscripts refer to maps for each day with +1 and +2 
referring to 24 and 48 hours in the future, etc. 

These last two values, Z,, and Z,, are unknown and 
must be estimated in some way. 


A. STATISTICAL METHOD 


Because of the rather high lag correlation of constant- 
pressure heights, the departure from the monthly normal 
of the latest observed value of height (Z,) correlates posi- 
tively with the departure from the normal of the sum of 
the subsequent two unknown heights (Z,;+Z4.). This 
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d Tendencies 


Observed 


Fiaure 1.—Three half-week charts for August 7-11, 1956—(A) the statistical and (B) the barotropic estimates, and (C) the verifying 


observed chart. 
(in tens of feet). 


Solid lines are 5-day mean 500-mb. contours (in tens of feet) and dashed lines are 2-day mean height tendencies 
Tendency values greater than 100 feet per 2 days are shaded (dark for negative, light for positive). 


Barotropic 


method excelled in estimating the tendencies, especially the magnitude. 


correlation is sufficiently large to make possible the use of 
a regression equation for estimating the two unknown 
values. The form of the equation is 


(Z4:—N) + (Z4:—N) =K(Z,—N) (2) 


where N is the 500-mb. normal height at the point, and K 
is approximately equal to 1 at almost all points. Since in 
practice, at least for the present time, it is convenient to 
work with whole height values rather than fractions, K is 
set equal to 1 in equation (2). This gives 


(3) 


Sub- 


as the statistical estimate for the two unknowns. 
stituting this into equation (1) we have 


Zo= (4) 


For a more complete discussion of this statistical method 
refer to pages 41 to 46 of [1]. 

Mean, centered, 2-day height tendencies are approxi- 
mated by subtracting the 5-day mean height centered on 
the day before from that centered on the day after fore- 
cast day. Thus, the formula for the tendencies is: 


T= (1/5) [Z42+Z43—Z_2—Z_s] (5) 


Using the same procedure as employed in computing the 
mean height, the sum of the unknowns (Z,.+Z,3) is 
estimated using a regression equation, and again it turns 
out that (Z)+) is the best estimate for (Z,.+2Z,4;). 

Figure 1A shows an example of a statistically computed 
half-week chart. 
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B. USE OF NUMERICAL FORECASTS 


A dynamically computed half-week chart (fig. 1B) is 
obtained by utilizing the short-range numerical prognoses 
for approximating the unknown heights in equations (1) 
and (5). Ideally, these unknown daily height values 
should be related to the numerical prognoses by a multiple 
regression equation. However, because of the rather small 
samples of homogeneous data, resulting from frequent 
changes in the model used to prepare the numerical prog- 
noses and because further changes in the models are con- 
templated, it is not practical to determine the multiple 
regression equation at this formulative stage of numerical 
prediction. For these reasons, as a temporary expedient 
the sum of two numerical prognoses was directly sub- 
stituted for the sum of the two unknown heights. How- 
ever, correlation coefficients (r) were computed between 
the sum of the two estimated 500-mb. heights, required 
to compute the half-week chart with its tendencies, and 
the sum of the corresponding two observed values, and 
furthermore, root mean square (RMS) and average errors 
were computed to determine the best combination of 
prognoses to substitute for the unknown. These dy- 
namical estimates were also compared with the statistical 
approximations. This was done at a few selected locations 
for two periods during 1956 when relatively homogeneous 
samples were available. The results for the first period, 
April 20 to June 30, are shown in table 1. In order to de- 
crease the time-dependence of individual observations in 
the sample, values were taken either 3 or 4 days apart, and 
since the thermotropic prognoses were computed only 4 
days per week, the total sample contained only 21 cases. 
Because absolute height values, instead of departures from 
monthly normals, were employed as data the correlations 
should be used only to compare the various estimates at 
one location. 

As indicated earlier, 500-mb. heights for 1 and 2 days 
in the future are needed for computing the mean con- 
tours (table 1A). The various estimates tested were: (1) 
the statistical forecast, which is simply the sum of the 
latest observed map (Z) and the appropriate monthly 


TaBLE 1.—Correlations (r) between the sums of the estimated 500-mb 


500-mb. normal height (N); (2) the sum of the JNWP 
thermotropic ' 24-hour and 36-hour prognoses [2]; and (3) 
the sum of the JNWP barotropic? 24-hour and 48-hour 
prognoses. 

For this small sample there was little significant differ- 
ence between the various methods of estimating the un- 
knowns except in northwestern Canada where the physical 
prognoses were superior. In the Aleutians, the average 
error of the numerical prognoses was large and positive, 
indicative of a marked bias. 

To compute the centered tendency, estimates of the 
daily heights 2 and 3 days in the future are needed (table 
1B). The statistical estimate remains the same; i. e., the 
latest observed chart plus the normal. The barotropic 
48-hour and 72-hour prognoses were available for these 
times, but corresponding thermotropic forecasts were not. 
Consequently, only the 36-hour thermotropic was used. 

The correlations in the first three rows in section B of 
table 1 indicate that for this sample the substitution of 
numerical short-range prognoses is about as good as the 
use of the statistical technique. However, considerable 
deterioration of the numerical forecasts is evident in the 
Aleutians where the barotropic is definitely inferior to the 
statistical method. Perhaps the most surprising result is 
the superiority of the 36-hour thermotropic over the 48- 
hour and 72-hour barotropic in approximating the sum of 
the daily maps 2 and 3 days in the future. This may 
indicate, if the difference in models is neglected, that a 
rapid decay of the barotropic prognoses exists [3] and 
suggests that perhaps the 24-hour and 48-hour barotropic 
forecasts would be better approximations of the daily 
maps 2 and 3 days in the future than the corresponding 
48-hour and 72-hour forecasts. The correlations tend to 
substantiate this hypothesis especially in the western area, 
as indicated by the bottom row (7) of table 1. 

The second sample was for the summer season 1956 
(June, July, and August) and the results are shown in 


1 The original model was quasi-geostrophic and included some mountain effects. 
2 The new model introduced April 20, 1956 was quasi-<divergent and contained no 
mountain effects. 


. heights, required to compute the half-week chart with its tendencies, and 


the sums of the corresponding two observed values; and also, the root mean square (RMS) and average errors (in tens of feet) of the sums of 
the two estimated values. These are for the period April 20 to June 30, 1956 at the indicated locations in North America. Z, is 500-mb. 


height n days subsequent to forecast day (n=O is forecast day). 
made is shown in parentheses. 


N is 500-mb. normal height. Period in hours for which prognosis was 


Aleutians Northwestern Canada Arkansas Southeastern Canada 
Estimates 
r RMS Average} r RMS Average; r RMS Average; r RMS Average 
error error error error error error error error 
A. Unknowns in Estimated 5-Day Mean Height (2+:+-Z+:) 
(1) Statistical (Z+N) meee 60 10 | . 57 46 —5 | .80 20 —6 | .79 79 +29 
.77 78 56 | . 86 28 +6 | .79 25 —1/|.79 56 +28 
. 67 89 86 40 | .78 30 —19 | . 86 38 
B. Unknowns in Estimated Mean Tendencies (Z+2+Z+s) 

54 +8 | .43 55 —3 | .60 25 —5 | .73 —6 
34 110 +69 | . 51 82 —59 | . 57 53 —28 | .51 70 +20 
52 +60 | .85 40 —26 | .61 35 —17 | .79 -3 
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TaBLe 2.—Correlations (r) between the sums of the estimated 500-mb. heights, required to compute the half-week chart with its tendencies, and 
the sums of the corresponding two observed values; and also, root mean square errors (in tens of feet) of the sums of the two estimated values, 


These are for the period June 1—August 31, 1956 at the indicated locations in North America. 
N is 500-mb. normal height. 


forecast day (n=O is forecast day). 


Z,, 8 500-mb. height n days subsequent to 
Period in hours for which prognosis was made is shown in parentheses 


Aleutians Northwestern Canada Idaho Arkansas Southeastern Canada 
Estimates 
r RMS Average} r RMS Average| r RMS Average| r RMS Average| r RMS Average 
error error error error error error error error error error 
A. Unknowns in Estimated 5-Day Mean Height (2+:+2Z+:) 
58 —7|.79 30 —4/|.76 30 +7 | .67 18 +8 | .39 50 +20 
45 +20 | .79 35 0 | .74 36 +3 | .70 24 —10 | .91 32 +7 
89 57 +36 | .83 39 —21 | .76 37 —15 | .72 21 —13 | .72 35 +7 
B. Unknowns in Estimated Mean Tendencies (Z+2+ Z+:) 

64 —10 | .65 36 .56 34 +5 | .45 21 +8 | .04 63 +18 
ee icc cccnccdbubecebunmeadiachetoneet .70 71 +32 | .65 73 —21 | .74 39 —16 | .53 34 —13 | .59 46 +5 
ip ian do cddcedednsdscceedccebeeujened . 82 63 +21 | .71 47 —48 | . 57 47 —23 | .48 26 —12 | .46 50 +22 


table 2. All data were homogeneous since no significant 
changes were made during this period in the numerical 
forecasting models. Thermotropic prognoses during this 
period were prepared daily, and height values were read 
off every other day, so that the sample contained 41 
cases. The same estimates were tested as in the earlier 
sample but one additional location, Idaho, was included. 

The results are quite similar to those of the April—June 
period. The physical prognoses are as good as the 
simple statistical approach and perhaps slightly better on 
an overall basis. Two tentative observations can be 
made: (1) The average and RMS errors at the Aleutian 
location are less than in the earlier sample, indicating that 
the boundary error of the short-range numerical model was 
less during this summer. Of course some decrease in 
error is expected in the summer season when the variability 
of 500-mb. height is less, but at this western location the 
decrease is much greater than at the other locations. (2) 
In estimating the daily heights 2 and 3 days in the future 
(Z+.+Z4+4;) the barotropic 24-hour and 48-hour prognoses 
are not in general superior to the 48-hour and 72-hour 
prognoses. This suggests that there is a slower decay of 
the barotropic forecasts in summer than in spring. 

Since the numerical prognoses apparently can produce 
results at least as good as and perhaps in some areas 
superior to the statistical method, the decision was made 
to prepare half-week mean charts on a routine basis 
using the dynamic prognoses. The selection of the exact 
prognoses to use was not obvious. However, in addition 
to the results presented here other verification studies 
[3, 4, 5] indicated that the barotropic 72-hour forecasts 
had considerably less skill than the other prognoses. 
Thermotropic prognoses could not be used, since after 
June 30, 1956 they were prepared from the 1500 emr map, 
and were not available at the proper time to be 
incorporated into the forecast routine. Therefore, in the 


routine preparation the two unknown daily values needed 
in the computation of both the 5-day mean height and its 
tendencies were estimated by utilizing the 24-hour and 
48-hour barotropic prognoses. 


C. PREPARATION OF BAROTROPIC HALF-WEEK CHART 


The routine preparation of the chart is done on the 
IBM 704 computer and therefore is extremely easy and 
rapid. No collecting of data is required since all the 
500-mb. heights are available on punch-cards. They are 
a by-product of the JNWP short-range prognoses. Both 
the mean height and tendency values are computed, 
printed on a rectangular grid, and analyzed by the 
electronic machine. This entire process is completed in 
only 5 minutes. 


3. USEFULNESS OF BAROTROPIC HALF-WEEK CHART 
FOR 5-DAY FORECASTING 


A. COMPARISON OF ESTIMATED CHARTS 


Both the dynamical and statistical half-week charts are 
routinely prepared each forecast day, so that continuous 
subjective evaluation is possible.* Some of the typical 
advantages and shortcomings of the two approximations 
are illustrated in figure 1. This contains three half-week 
charts for August 7-11, 1956—the statistical estimate, the 
barotropic estimate, and the observed. 

The height field was well approximated by both tech- 
niques; the maximum error of the statistical estimate was 
280 feet, while that of the barotropic estimate was no more 
than 140 feet. These two patterns are quite similar and 
either one is accurate enough for immediate purposes. 
However, the barotropic does tend to catch more of the 
detail than the statistical chart. The latter method 
flattens the height field and much of the detail is lost. 
For example, in the Pacific the closed Low is absent and 
the ridge just off the west coast of the United States is too 
flat. 

It is more difficult to get a good estimate of the tenden- 
cies. Not only are the required data farther into the 
future, but the tendency is the small difference between 
large height values, so that small percentage errors in the 
estimated heights can result in intolerable errors in the 
tendencies. 


3 The statistical chart is routinely prepared for the 700-mb. level using 2 maps per day- 
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A quick examination of this case reveals that the general 
pattern of the tendencies of both estimates is similar, and 
that they both resemble those of the observed. However, 
the average intensities of the barotropic tendencies are 
larger than those of the statistical and more closely 
approximate those of the observed. In general, the sta- 
tistically estimated tendencies have several deficiencies. 
They tend to “‘freeze’”’ the pattern that exists on forecast 
day. Extreme height anomalies are almost always 
returned toward the normal. 

B, USEFULNESS OF HALF-.WEEK CHART—NECESSITY FOR FURTHER 
PHYSICAL CONSIDERATION 

In its present form there are two major shortcomings of 
the barotropically estimated half-week chart for 5-day 
forecasting: 

(1) It covers only about half the hemisphere, and in 
addition the Pacific area verifies poorly. Good height 
tendencies in the Pacific would assist greatly in the 
preparation of an extended-range forecast over the United 
States. This shortcoming may soon be overcome. The 
results of the new model covering the entire Northern 
Hemisphere, which will be introduced by the JNWP Unit 
this fall (1957), will be studied carefully with a view toward 
determining the best statistical relationship between 
barotropic prognoses and unknown heights. A regression 
equation would automatically remove any bias that might 
exist in the prognoses. This hemispheric grid, which is 
expected to diminish boundary errors, should result in 
better numerical prognoses in the Pacific. 

(2) The tendencies are relatively short-period and 
instantaneous, and even if they are accurate they may not 
indicate the longer-range changes necessary for making a 
j-day forecast. Supplemented with subjective physical 
reasoning they may suggest the correct solution, but do 
not directly indicate it. 

Two series of 5-day mean charts (figs. 2 and 3) will be 
wed to illustrate two things: (1) that the instantaneous 
tendencies do not always indicate the longer-period 
changes; and (2) that it is sometimes, although not always, 
possible to determine when and how to modify the tend- 
encies in order to make the correct full-week forecast. 
Both series of charts contain the initial observed chart, 
the barotropically estimated and the verifying observed 
half-week charts (with tendencies), and the verifying full- 
week chart with full-week change in height. Constant ab- 
‘lute vorticity (CAV) trajectories have been computed, 
ising the observed half-week flow in the Pacific, to indicate 
a rough manner the subsequent effects of vorticity flux 
om this upstream area on the flow pattern in the United 
‘tates, or to determine if vorticity flux from the Pacific 
lavored or opposed a continuation of the changes indicated 
ty the instantaneous tendencies over the States. Ob- 
viously, the observed flow pattern would not be available 
in forecast day, but for this study it seemed advisable to 
base any arguments on the actual wind field rather than on 
estimated one, especially since the Pacific region verifies 
tther poorly. In practice various other methods are 


MONTHLY WEATHER REVIEW 


49 


used to determine this vorticity flux from the Pacific, 
but these will not be discussed in this report. 

The first series (fig. 2) is an example in which the baro- 
tropically estimated tendencies, if considered as indicators 
of the full-week change, would lead to a good full-week 
forecast. If the half-week charts are compared (figs. 2C 
and D), it can be seen that both the contours and tend- 
encies were quite accurately approximated. Further- 
more, the 2-day estimated tendencies bear a remarkable 
resemblance to the full-week mean height change (fig. 
2B). Also, the kinematic computation giving the in- 
stantaneous speed of the trough (not shown) suggests 
approximately the correct movement of the major trough 
in the United States. 

These instantaneous trends worked well as full-week 
predictors because no major processes, such as vorticity 
advection, were operating to defeat them. CAV trajec- 
tories from the Pacific (fig. 2D) were in sympathy with 
the change in pattern that was indicated on “forecast 
day” over the United States. 

The second series (fig. 3) is an example in which the 
half-week chart would lead to a poor full-week forecast 
over the United States if only the kinematic indications 
were used. As in the previous series, the half-week chart 
was well estimated. Admittedly, the tendencies were not 
perfect, but the positive tendencies in northwestern 
United States and small changes over the remaining area 
of the country were rather well approximated. 

However, it can readily be seen that the instantaneous 
tendencies would lead to a poor forecast since large rises 
occurred in the West and marked falls in the East resulting 
in a 180° phase change of the westerly wave over the 
United States (fig. 3B). This rapid change, which was 
initiated after forecast day, can easily be explained by the 
flux of vorticity from upstream in the Pacific. The strong 
flow pattern in the eastern Pacific, which incidentally was 
supported by the westerly waves farther upstream, was 
not in sympathy with the half-week contour pattern in 
the United States. CAV trajectories supported a ridge 
over the western United States and a trough in the East 
where a sharp ridge existed and with no indication in the 
tendency field of any marked decrease in intensity. 
Therefore, instantaneous tendencies must be altered for 
full-week forecasting when they do not agree with a large 
flux of vorticity from upstream. Fortunately for this 
case, the flow pattern in the Pacific changed little subse- 
quent to forecast day, so that the vorticity flux indicated 
on forecast day remained relatively unchanged throughout 
the prognostic period. In general, changes over the 
Pacific must be anticipated. This would be facilitated by 
good half-week tendencies in this area. 

C. PRESENT LIMITATIONS AND EXPECTED IMPROVEMENTS 


The barotropic are usually better than the statistical 
tendencies in the Atlantic and North America but inferior 
in the Pacific where large positive errors are observed. 
This is not true in the case shown in Figure 1 but is indi- 
cated in other examples. In this western region the short- 
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ESTIMATED 
NOV. 6-10, 1956 


NOV. 6-10, 1956 


Ficure 2,—5-day mean 500-mb. contours (solid lines, labeled in hundreds of feet) for periods indicated on charts. 
(B) Verifying chart for November 10-14, 1956 with full-week height changes, Chart B minus Char 


served) for November 3-7, 1956. 


A, superimposed (dashed lines, 400 ft. interval, centers labeled in tens of feet, positive values stippled). 
November 6-10, 1956 with 2-day mean height tendencies (dashed lines, 200-ft. interval, centers labeled in tens of feet, positive valu 
stippled) both of which are partially estimated by substitution of barotropic prognoses. 


(A) Initial chart (ob 


(C) Half-week chart fo 


(D) Observed (or verifying) half-week char! 


for November 6-10, 1956. Heavy solid arrows are spherical, constant absolute vorticity trajectories. Tendencies were well estimated, 


and they indicate correct full-week change. 


range barotropic prognoses almost invariably contain 
large positive errors, especially in winter, which are 
probably due to unsuitable boundary assumptions in the 
model, baroclinicity, and non-adiabatic heating. 
Attempts are now being made to develop methods for 
removing some of these errors, especially the bias, and 
for incorporating the improvement in the computational 


procedure of the half-week chart. First, the error fielti 
were compared with prognostic height changes whic) 
were obtained by using the normal 500-mb. heights ® 
initial data in the numerical forecasting procedut 
Clapp [6] examined this method using normal maps 
and more recently Williams [7], with the aid of an ele 
tronic computer, used both normal and mean charts. b 
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\ \ 
= 
OBSERVED OBSERVED 
OCT. 30-NOV. 3, 1956 \ NOV. 6-10, 1956 
1 


ESTIMATED 
NOV. 2-6, 1956 
Figure 3.—5-day mean 500-mb contours for periods indicated on charts. See legend of figure 2 for details. The constant absolute vor- 


ticity trajectories have been drawn as heavy dashed or solid arrows. Tendencies are well estimated but do not indicate correct full- 
week change. 


this brief investigation the prognostic height changes, on an overall basis and can replace the chart produced 
which were obtained when the normal chart was used, by the current autocorrelation method. An improved 
correlated positively with the error fields although the half-week chart will serve as a basis for numerical fore- 
coefficients were small. casting models, now being developed, for predicting time- 
In addition to the above work, programs for the elec- averaged flow patterns‘ [8]. This means that the fore- 

tonic computer are being prepared and other ground caster no longer would be forced to rely on outmoded 
Bork is being laid for computing multiple regression coeffi- vorticity trajectory methods to indicate the subsequent 
iients between the unknowns in the half-week chart and _ barotropic effects. 


this new dynamically estimated chart will prove superior routine forecasting’procedure. 
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A COMPARISON OF JNWP TRAJECTORY FORECASTS 
WITH TRANSOSONDE FLIGHTS 
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Joint Numerival Weather Prediction Unit, Suitland, Md. 
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ABSTRACT 


Trajectories at 300 mb. numerically- computed from the Joint 
Numerical Weather Prediction Unit’s operational forecasts are 
compared with transosonde balloon tracks. The method developed 
by Hubert is shown to provide trajectories of considerable accuracy. 


1. INTRODUCTION 


In an earlier paper Hubert [1] pointed out the increas- 
ing interest in the trajectory of air particles and described 
a method for approximating such trajectories using an 
dectronic computer. In the preparation of the 72-hour 
equivalent barotropic forecast at the Joint Numerical 
Weather Prediction (JNWP) Unit a history tape is pro- 
duced containing forecast fields of stream function values 
¥ for a grid of points (see fig. 10) at hourly intervals. 
Hubert’s method involves fitting a general cubic surface 
to sixteen grid points surrounding the point on n the tra- 
jectory and the computation of 
oy and 


oz 


on this surface. The point is advected with this stream 
function wind for the next hour after which a new com- 
putation is made from the stream function for the next 
hourly time step at the new location. Non-centered dif- 
ferences were used to avoid computational instability. A 
variation of this method was used with some success in 
hurricane forecasting. 

The long-range flights of the U. S. Navy transosonde 


Z balloons provided an approximation to a two-dimensional 


trajectory. Accordingly JNWP trajectories were com- 
puted on a routine operational basis beginning in Novem- 
ber 1957. The comparison of these computed trajectories 
ind the actual transosonde track provides the basis for 
this paper. 

2. METHOD 


The transosonde balloons were launched in Japan and 
set to float at the 300-mb. level. Their position was sub- 
sequently determined by 2-hourly uF pr fixes. From the 
fxes received at Suitland (approximately 40 percent of 
hose theoretically possible) the trans-Pacific tracks were 
teeonstructed and plotted. All fixes were considered to 
be of equal accuracy. The transosonde program is fully 


discussed in a recent paper by Angell [2]. 


“Any opinions expressed by the authors are their own and do not necessarily reflect 


the views of the Navy Department. 


+ 


Fieurge 1.—Comparison of JNWP forecast trajectory with transo- 
sonde track. Flight No. 38. Release time: 0000 amt, November 
8, 1957. 
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Fiaure 2.—Comparison of JNWP forecast trajectory with transo- 
sondetrack. Flight No. 40. Release time: 0000 amr, November 
12, 1957. 


To obtain the 300-mb. wind from the 500-mb. stream 
function a multiplying factor of 1.75 was used. That is, 
300-mb. wind=1.75 times 500-mb. wind. Vederman [3] 
found that the proportionality factor, between the pres- 
sure gradients at 300 and 500 mb., was approximately 1.5. 
The 300-mb. winds obtained by multiplying 500-mb. baro- 
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Figure 3.—Comparison of JNWP forecast trajectory with trams’ @ Pig 
sondetrack. Flight No. 41. Release time: 0000 amr, Novembe 
13, 1957. rE 

tropic forecast height gradients by this factor product! wer 

values which were generally too slow, probably becau®# se, 
of the smoothing effects inherent in the forecast comp!® pro, 

tations scheme. The factor was increased to 1.75 to brig 195) 

the speeds in line with observation. of 1 
The 12-hour positions of trajectory and balloon tradff sho 
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FicurE 4.—Comparison of JNWP forecast trajectory with transo- 
sonde track. Flight No. 43. Release time: 0000 emt, November 
15, 1957. 


were plotted to 72 hours. Intervening positions were 
used where available in reconstructing the paths. The 
program began with flight 38 launched on November 8, 
1957. At the time this paper was prepared eleven pairs 
of tracks had been recorded. All of these results are 
shown in figures 1-11. 


Figure 5.—Comparison of JNWP forecast trajectory with transo- 
sonde track. Flight No.44. Release time: 0000 amr, November 
18, 1957. 


3. RESULTS 


There is considerable agreement between the forecast 
trajectories and transosonde tracks. An analysis of the 
vector difference between positions shows no systematic 
error until 48 hours after which the balloon was ahead 
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Figure 6.—Comparison of JNWP forecast trajectory with transo- 
sondetrack. Flight No. 47. Release time: 0000 emt, November 
23, 1957. 


and to the north of the forecast trajectory. At 36 hours 
the average difference in position was approximately 
6° latitude which is less than 10 percent of the average 
distance traveled. 

The two special flights (figs. 10 and 11) were released 
from California. In the first special flight the transosonde 


Figure 7.—Comparison of JNWP forecast trajectory with trans0- 
sondetrack. Flight No. 48. Release time: 0000 emt, November 
25, 1957. 


was released into an area of negative absolute vorticity. 
This probably accounts for the differing paths since the 
non-divergent stream function is inadequate to describe 
the local air motions likely to occur under such conditions. 

For three of the flights shown, trajectories were com- 
puted in 12-hour steps from geostrophic winds scaled 
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Figure 8.—Comparison of JNWP forecast trajectory with transo- 
sonde track. Flight No. 49. Release time: 0000 cmr, November 
27, 1957. 


from actual 500-mb. analyses at JNWP Unit. These 
trajectories showed less agreement with the transosonde 
track after 48-72 hours than did the JNWP trajectories 
from the numerical forecast. 

460642—58——2 
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Figure 9.—Comparison of JNWP forecast trajectory with transo- 
sonde track. Flight No. 51. Release time: 0000 December 
1, 1957. 


4. CONCLUSIONS 
The trajectory computed by this method in one-hourly 
time steps from the numerical forecast is an excellent 
approximation to a two-dimensional trajectory for 36 
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C1 JNWP POSITIONS AND TIME 

© TRANSOSONDE INTERPOLATED 
POSITIONS 

--- JNWP TRAJECTORY 

— TRANSOSONDE TRACK 


Ficure 10.—Comparison of JNWP forecast trajectory with transosonde track. Flight Special I. Release time: 1900 emt, November 12, 
1957. The grid shown is the Northern Hemisphere grid used by JNWP in the equivalent barotropic forecast. 


hours. This is attributed to a combination of the follow- 
ing: the barotropic model forecasts are a good representa- 
tion of mid-troposphere flow; Hubert’s trajectory method 
is quite accurate; and the 300-mb. flow is specified well 
when integrated over considerable time and distance by 


the 500-mb. wind with the speed increased by the constant 
factor. 

The greater accuracy of the JNWP forecast trajectory 
over the hand computed trajectory is attributed in some 
part to the definition of one-hour time steps but more t 
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FigurE 11.—Comparison of JN WP forecast trajectory with transosonde track. Flight Special II. 


Release time: 0300 amt, November 21, 


1957. 


the lack of data in the Pacific which leads to a lack of 
continuity between analyses. The 72-hour forecast re- 
mains consistent with its initial data and, for trans- 
Pacific computations, is more accurate. This shows that 
the consistency outweighs the decay in forecast quality 
for this purpose. It also suggests strongly that wind 
computations from JNWP stream functions are excellent 
for longer range aircraft operations. 
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THE WEATHER AND CIRCULATION OF FEBRUARY 1958' 


A Month With an Expanded Circumpolar Vortex of Record Intensity 


WILLIAM H. KLEIN 


Extended Forecast Section, U. S. Weather Bureau, Washington, D. C. 


1. HIGHLIGHTS 


February 1958 will long be remembered as a month of 
contrasting weather extremes in many parts of the United 
States. Many established records of long standing were 
broken—for cold in the Southeast, warmth in the North- 
west, snow along the Gulf and Atlantic coasts, precipita- 
tion in the Great Plains and along the west coast, and dry- 
ness in the Mid-West. During the last week of the month 
intense cyclonic activity was responsible for new low 
barometer readings at many stations in the central United 
States, as well as for tornadoes, blizzards, and floods over a 
wide area. 

Abnormalities of the weather were produced by cor- 
responding abnormalities in the circulation pattern. 
Strong blocking ridges over Greenland and Alaska were 
accompanied by the deepest mean troughs on record along 
the east coast and in the eastern Pacific. A typically 
“low index”’ circulation prevailed throughout the Western 
Hemisphere as the polar anticyclones intensified and the 
subtropical anticyclones weakened. This was part of a 
great index cycle in which the prevailing westerlies of 
middle latitudes were displaced southward to the sub- 
tropics, where they blew with unprecedented speed in the 
form of an expanded and intensified circumpolar vortex. 


2. LONG-PERIOD BACKGROUND 


The profile of the general circulation underwent a strik- 
ing metamorphosis during the 1957-58 winter. This 
transition is well illustrated by figure 1, a time-latitude 
section of zonal wind components at the 700-mb. level 
averaged over the Western Hemisphere on a series of over- 
lapping 30-day mean charts prepared about the Ist and 
16th of each month. The principal axis of maximum 
westerly wind speed or mean “‘700-mb. jet stream” (de- 
lineated by the heavy solid curve) was located around 
45° N. throughout the months of November and Decem- 
ber 1957. This was 2° to 5° north of its latitude on normal 
maps during these months (denoted by the dashed curve). 
During January 1958 the axis of maximum westerlies 


1 See Charts I-X VII following p. 80 for analyzed climatological data for the month. 


moved rapidly southward on a mean basis and reached a 
minimum latitude of approximately 31° N. by the end 
of the month, some 8° south of its normal latitude at this 
time of year. The westerlies remained depressed through- 
out February, and it wasn’t until early March that the 
jet axis appeared as far north as 33°. In accordance with 
the classical concept of the expanded circumpolar vortex 
[1], the westerlies intensified as they moved south, attain- 
ing an extremely high value of 16 meters per second just 
before mid-February around 32° N. 

The southward displacement of the westerlies during 
the 1957-58 winter was part of a great index cycle which 
displayed many of the characteristics described by Namias 
[2], except that it occurred about a month before the pre- 
ferred time of year. This cycle is well illustrated by the 
upper curve in figure 2 giving the speed of the temperate 
westerlies (or zonal index) at 700 mb., averaged over the 
Western Hemisphere between 35° N. and 55° N., ona 
series of overlapping 5-day mean maps computed three 
times a week. After remaining above normal (dashed 
line) throughout December [3], the zonal index dropped 
sharply during the first two weeks of January, reaching a 
minimum on January 18 [4]. Modest recovery during 
the second half of January was followed by another sharp 
dip during the first week of February. This culminated 
in a remarkably low value of 3.1 meters per second for 
the period February 1-5. During the balance of February 
a gradual recovery occurred, except for a temporary drop 
around mid-month, and the index finally climbed above 
normal during the period centered on the 24th. At 
month’s end another dip occurred, and low index ex- 
tended into the first half of March. 

Weakening of the westerlies at middle latitudes during 
January and February 1958 was compensated by strength- 
ening of the westerlies at low latitudes. This is clearly 
illustrated by the lower curve in figure 2, which gives the 
course of the subtropical westerly index at 700 mb. (20° 
N.-35° N.) on a 5-day mean basis. During December 
1957, while the temperate westerlies were strong, the sub- 
tropical westerlies were weaker than normal (dashed) [3}. 
As the former index dropped rapidly during the first half 
of January, the latter climbed steadily, reaching one 
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FieurE 1.—Time-latitude section of 30-day mean zonal wind components averaged over Western Hempishere at 700 mb. Wind speeds 
were computed twice-monthly in 5° latitude belts from the period mid-October to mid-November 1957 until the period mid-February 


to mid-March 1958. 


Isotachs are in meters per second with easterly winds negative. 


Centers of maximum west wind speed are 


labeled W; easterly centers are labeled E. The axis of maximum westerlies (heavy solid curve) was north of its normal latitude (broken 
line) during the first half of the period but displaced far southward during the latter half. 


haximum on the 13th and another on the 25th [4]. After 
wme minor fluctuation during the first half of February, 
the most extreme maximum of the year was reached 
during the 5-day period centered February 17, when a 
value of 15.2 meters per second was observed, the highest 
iday mean subtropical westerly index on record (since 
May 1943). Subsequently, the subtropical westerly 
dex declined sharply, and it finally returned to normal 
March 6. 


3. MONTHLY MEAN CIRCULATION 
A. ZONAL WIND BELTS 


The nature of the expanded circumpolar vortex during 
february 1958 is well illustrated by figure 3, the zonal 
vind speed profile for the Western Hemisphere at the 
0-mb. level. The westerly jet maximum this month 
Solid) was located between 30° and 35° N. with a speed 


of 15.4 m.p.s. In contrast, the February normal (dashed) 
has a peak speed of 12.8 m.p.s. between 35° and 40° N. 
Figure 3 also shows that the westerlies were weaker than 
normal at all latitudes from 40° N. to 75° N. This deficit 
was compensated by an excess of westerly momentum 
from 20° to 35° N. (shaded area). 

The unusual strength of the westerlies at low latitudes 
during February 1958, and their simultaneous weakness 
at middle and high latitudes, is expressed in terms of 
conventional indices for fixed latitude bands in table 1. 
The speed of the subtropical westerlies, measured between 
20° and 35° N. at the 700-mb. level, averaged 13.2 m. p. s. 
for the month. This was 4.6 m. p. s. above the February 
normal and over 2 m. p. s. greater than the value observed 
during any previous month of record (since 1945). The 
other two indices at 700-mb. were not so extreme but 
nevertheless exhibited departures from normal in the 
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Ficure 2.—Time variation of speed of 700-mb. westerlies averaged 
over the Western Hemisphere for temperate zone (35°-55° N.) 
above, and subtropical zone (20°-35° N.) below. Solid lines 
connect 5-day mean index values (plotted at middle of period 
and computed three times weekly), and dashed lines show varia- 
tion of corresponding normal. Note the prolonged period of 
above normal subtropical westerlies, with record high value from 
February 15 to 19, 1958. 


expected direction; i. e. below normal values of westerly 
wind speed in both temperate and polar regions. 

Table 1 also contains monthly mean values of the 
standard indices at sea level. The prevailing westerlies 
of temperate latitudes (zonal index) were weaker than 
normal at this level, as wellas at 700 mb. As is typical 
with a low-index circulation of this sort, the sea level 
easterlies were unusually strong in the polar region but 
much weaker than normal in the subtropics. In the 


TABLE 1.—Monthly mean values of standard indices in the Western 
Hemisphere during February 1958 (in meters per second). 


Index Latitude; Height Observed | Normal | Anom- 
belt aly 
(° N.) 
Polar 55—70 700 mb. 3.7 —2.0 
‘Temperate westerlies ________- 35—55 700 mb. 7.0 10.2 —3.2 
Subtropical westerlies_____-._- 20—35 700 mb. 13.2 8.6 +4.6 
Polar easterlies__............-- 70—55 | Sea level 4.1 1.6 +2.5 
Zonal westerlies._............- 35—55 | Sea level 1.2 3.4 —2.2 
Subtropical easterlies______.__- 35—20 | Sea level —3.1 0.1 —3.2 
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Figure 3.—Mean 700-mb. zonal wind speed profile in the Western 
Hemisphere for February 1958 (solid) and February normal 
(dashed). Westerlies were stronger than normal (stippled) at 
low latitudes, with a pronounced peak around 33° N. 
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Ficure 4.—Mean sea level pressure profile in the Western Hemis- 
phere for February 1958 (solid) and February normal (dashed). 
Pressures were below normal (stippled) south of 55° N., but above 
normal to the north. 


latter zone (from 20° N. to 35° N.) the normal easterlies 
(trade winds) were replaced by strong westerlies which 
had a greater speed than observed during any previous 
month of record (since 1942). 

The existence of west winds this month in the sub- 
tropics at sea level, instead of the conventional easterlies, 
can also be inferred from figure 4, the sea level pressur 
profile for the Western Hemisphere. Mean _ pressures 
increased with decreasing latitude from 45° N. to 20° N., 
and the relative maximum normally present (broken 
curve) around 28° N. was entirely absent. Figure 4 
further shows that the subpolar minimum normally 
located around 57° N. was accentuated this month but 
displaced southward by about 10 degrees. As a result, 
pressures averaged below normal at all latitudes south 
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FicurE 5.—Mean 700-mb. contours (solid) and height departures from normal (dotted) (both in tens of feet) for February 1958. Large, 
positive anomalies in polar regions were accompanied by an almost cireumpolar ring of negative anomalies to the south. 


of 55° N. (shaded area). This deficit was partly com- 
pensated by above normal pressures from 55° N. to the 
pole. In other words, the polar anticyclones grew at the 
‘xpense of the subtropical anticyclones, so that the polar 
‘asterlies were strong but the subtropical easterlies weak 
table 1). In all these respects February 1958 was 
'‘ypical of cases with a low zonal index and an expanded 
‘reumpolar vortex. 


B. REGIONAL CHARACTERISTICS 


Thus far only latitudinal averages of circulation fea- 
tures have been considered. The regional characteristics 
making up the hemispheric mean are illustrated in figure 
5, the 700-mb. chart for the month of February. In its 
broad-scale aspects (neglecting several minor troughs), 
this map can be considered to have an overall wave 
number of three, with full-latitude troughs in the central 
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Pacific, eastern North America, and European Russia, 
and full-latitude ridges in western North America, the 
eastern Atlantic, and central Siberia. The principal 
troughs and ridges had one interesting feature in common 
this month; namely, the absence of the customary positive 
horizontal tilt from northeast to southwest. Instead 
most troughs and ridges were oriented either negatively, 
from northwest to southeast, or meridionally, from north 
to south. This is a logical consequence of the fact that 
the westerlies were extremely strong at low latitudes but 
very weak at high latitudes, and it is a characteristic 
commonly associated with low zonal index and southward 
transport of momentum [5]. 

Figure 5 contains additional features typical of low- 
index circulation. For example, the amplitude of the 
wave train over North America and adjacent oceans was 
unusually great. In this respect, and also with regard to its 
long wavelength, trough and ridge locations, negative 
trough tilt, and wind distribution, figure 5 resembles 
a model for a wave of large dimensions prepared by the 
author in 1952 [6]. Another typically low-index feature 
of figure 5 is the large number of low centers in middle and 
high latitudes, six in all, in contrast to the three found on 
the normal 700-mb. chart for February. Blocking was 
also very much in evidence in figure 5, as indicated by the 
closed High in the Arctic Ocean northwest of Alaska and 
the strong ridge over Greenland. 

The circulation abnormalities inherent in the mean 
contour pattern are brought into sharper focus by the 
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Figure 6.—Mean 200-mb. contours (solid, in hundreds of feet) and 
isotachs (dotted, in meters per second) for February 1958. Solid 
arrows indicate the average position of the 200-mb. jet stream 
which extended in a continuous axis around the hemisphere at 
about 25°-30° N. 
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dotted lines in figure 5, expressing the departure from 
normal or anomaly of local 700-mb. height. In the 
United States the largest anomaly was —370 ft. at the 
mouth of Chesapeake Bay, the most extreme negative 
departure from normal observed in the eastern half of 
the United States on any monthly mean 700-mb. map of 
record (starting October 1932). This negative anomaly 
was closely associated, probably through the flux of 
vorticity, with an even Jarger one in the eastern Pacific, 
where monthly mean 700-mb. heights averaged 450 ft. 
below normal about 700 miles west of the California- 
Oregon coastal boundary. Simultaneous anomalies of 
mean 700-mb. height in these two areas (the east coast 
and the eastern Pacific) have been shown to be highly 
correlated on both 5-day mean maps [7] and monthly 
mean maps [8]. 

To the north of each of these negative anomalies was a 
strong positive anomaly center of the blocking variety. 
The first was centered over Davis Strait, where heights 
averaged 490 ft. above normal. The second was somewhat 
smaller in magnitude, with maximum departure 310 ft. 
above normal, northwest of Alaska. These two centers of 
positive anomaly formed part of a continuous girdle of 
above normal heights at higher latitudes encompassing the 
Arctic Ocean, northeastern Siberia, Alaska, Canada, and 
Greenland. The blocking nature of this ring of positive 
anomaly was emphasized by the presence of an almost 
circumpolar band of negative anomaly to its south, inter- 
rupted only by weak positive departures over Japan and 
the western United States. 

The monthly mean circulation at the 200-mb. level is 
illustrated in figure 6. For the most part the contours 
resemble those at 700 mb. However, certain differences 
may be noted, including westward displacement of the 
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I'icgure 7.—Departure from normal of mean thickness (1000-700 
mb.) for February 1958, with subnormal values shaded. _ Isoline 
interval is 50 feet, and centers are labeled in tens of feet. Out 
standing features are cold air in eastern United States and wester? 
Canada, and warm air in western United States and easter 
Canada. 
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trough in eastern North America, elimination of the closed 
High over northwestern Alaska, and emphasis on the 
trough in eastern Asia at the expense of the one in the 
central Pacific. 

Perhaps of greater interest than the contours in figure 6 
are the dotted isotachs derived from them geostrophically, 
as explained in a previous issue of this publication [9]. 
The heavy solid curves drawn through the axes of maxi- 
mum (total horizontal) wind speed delineate the mean jet 
stream at the 200-mb. level. This jet extended in a prac- 
tically continuous are around the 25th or 30th parallel of 
latitude and attained maximum intensity just east of 
Florida and southern Japan. Thus it accurately fits the 
dassical description of the low-index state as one with an 
intensified and expanded circumpolar vortex in the upper 
troposphere [1]. 


4, AVERAGE WEATHER AND ITS RELATION TO THE 
MEAN CIRCULATION 


A. TEMPERATURE 


The pattern of departure from normal of average tem- 
perature for February 1958 in the United States is por- 
trayed by Chart I-B for the surface and by figure 7 for the 
layer from 1000 to 700 mb. ‘The outstanding feature of 
the month was the abnormal cold in the eastern half of the 
country, with extreme departures of over 10F.° in much 
of the Southeast. This was the coldest February ever ob- 
served at Birmingham, Ala., Asheville, N. C., Greenville, 
§. C., Columbus, Ga., and at numerous cities in Florida 
including West Palm Beach, Tampa, Lakeland, and Day- 
tona Beach. It was the coldest of any month on record 
at Miami, Orlando, and Fort Myers in Florida, and also 
at Oak Ridge, Tenn. 

Because of the marked persistence of below normal tem- 
peratures in the Southeast from January [4], and to a lesser 
degree from December [3], the 1957-58 winter season (de- 
fned as the mean of December, January, and February) 
was the coldest on record at several cities in Florida (West 
Palm Beach, Fort Myers, Miami, Lakeland), Alabama 
(Mobile, Montgomery), and Georgia (Columbus). At 
Tampa, Fla. this winter was over 1° colder than any other 
winter since 1825. 

The relation of February’s cold weather to the monthly 
mean circulation was straightforward. Strong cyclonically 
curved northwesterly flow prevailed over the eastern 
half of the United States at all levels from 700 to 100 
mb., as shown by figures 5 and 6 and Charts XIII to 
XVII. The center of negative height anomaly observed 
wer the Middle Atlantic coast on the monthly mean 
700-mb. chart (fig. 5) was record-breaking in magnitude, 
& previously noted, and extensive enough to produce 
below normal heights over the entire eastern half of the 
country. In the source region for cold air, over north- 
western Canada, thicknesses for the month were below 
lormal (fig. 7) and 700-mb. heights above normal (fig. 
5), a combination favoring low temperatures in the eastern 
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half of the United States [8,10]. Atsealevel a strong mean 
High was observed in the Arctic Ocean north of Alaska 
(Chart XI), and pressures averaged 10 mb. above normal 
(Chart XI Inset). A well defined ridge of high pressure 
extended southeastward from the anticyclone center 
through northwestern Canada and the Missouri-Missis- 
sippi Valley into the Southeast. Numerous migratory 
anticyclones traversed this ridge along paths shown in 
Chart IX, each accompanied by a fresh outbreak of cold 
polar continental air. A final factor contributing to the 
cold east of the Mississippi River was the fact that in 
this region the mean geostrophic wind components at 
sea level were strongly from the north-northwest, not 
only in an absolute sense (Chart XI) but also relative to 
normal (Chart XI Inset). 

The magnitude of negative departures from normal of 
mean temperature in the eastern United States tapered 
off in States along the northern border, and temperatures 
even averaged slightly above normal in Maine and north- 
ern Minnesota (Chart I-B). Relatively mild weather in 
these areas can be explained most readily in terms of the 
strong anomalous flow components from the east which 
are evident on the monthly mean chart at 700 mb. (fig. 
5). Since the Atlantic Ocean is much warmer than the 
land in February, this flow resulted in advection of air 
from a relatively warm source region. A similar effect 
was operative throughout eastern Canada, where it was 
enhanced by southerly flow in the absolute sense and 
above normal heights at 700 mb. (fig. 5). The resulting 
warmth is well illustrated by the mean thickness of 330 
ft. above normal on the Labrador coast in figure 7. Ac- 
cording to the Canadian Meteorological Service, surface 
temperatures averaged 14 F.° above normal for the month 
in Goose Bay, Labrador. 

Extremes of cold in the eastern half of the United States 
were matched by extremes of warmth in the West, par- 
ticularly west of the Continental Divide. Both surface 
temperatures (Chart I-B) and 1000-700-mb. thicknesses 
(fig. 7) averaged above normal in the vast area from the 
western Plains to the Pacific coast. Maximum positive 
departures of monthly mean temperature were 10-12 
F.° in northern Washington and 8-9 F.° just east of 
Great Salt Lake. This was the warmest February on 
record at Seattle, Olympia, and Walla Walla in Washing- 
ton, at Portland and Eugene in Oregon, and at Eureka 
in California. 

The warmth in the West was intimately related to the 
mean circulation observed during the month. Of greatest 
importance was the center of below normal 700-mb. height 
off the Oregon-California coast (fig. 5). This is the 
largest negative departure from normal observed in the 
eastern half of the Pacific on any February map of record 
(since 1933). It was reflected in a deep mean low at sea 
level (Chart XI), with pressures for the month as much 
as 16 mb. below normal (Chart XI Inset). The effect of 
the Low off the coast was enhanced by the presence of a 
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mean ridge over the Great Basin at all levels of the tropo- 
sphere (Charts XI to XVII), with above normal heights 
at the 700-mb. level (fig. 5). The circulation between 
these two features produced a strong onshore flow from 
the southwest which carried warm maritime air from the 
southeastern Pacific into the western United States, and 
prevented any cooling by continental airmasses from the 
north or east. The strength of this southwesterly current 
was much greater than normal, as indicated by the lines 
of equal pressure departure from normal at sea level 
(Chart XI Inset). It is interesting to note the striking 
resemblance between figure 5 and the composite map 
given by Martin [10] for ten 5-day mean periods of ex- 
treme warmth during winter at Eureka, Calif. 

The boundary between warm maritime air in the West 
and cold continental air in the East was marked by a 
sharp frontal zone which remained quasi-stationary 
throughout the month just east of the Continental Divide. 
The location of the zone is well illustrated by figure 8, 
which shows that fronts were indicated on the Daily 
Weather Map in Montana and Wyoming on as many as 
25 out of the 28 days in February. In the Great Plains 
region the axis of maximum frontal frequency coincides 
very closely with the line of zero surface temperature 
departure from normal in Chart I-B. 


B. PRECIPITATION 
The maritime Pacific air which dominated the Far West 
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during February was not only extremely warm but also 
very moist. Orographic lifting of the moisture, in con- 
junction with some cyclonic and frontal activity, pro- 
duced above normal amounts of precipitation in all por- 
tions of the United States west of the Continental Divide. 
Circulation features indicative of this precipitation, in 
addition to the stronger than normal southwesterly flow 
previously mentioned, were strong cyclonic curvature of 
the mean sea level isobars and below normal values of 
sea level pressure (Chart XI and Inset). More than 
twice the normal amount of precipitation fell along the 
northern border from central Washington to Montana, 
along the west coast from southern Oregon to Los Ange- 
les, and in the region adjacent to the California-Arizona 
border (Chart III-B). It was the wettest February on 
record at Oakland, Calif., and Medford, Oreg., and the 
second wettest at Yuma, Ariz., and Red Bluff, Calif. At 
Ely, Nev., this February had the greatest average cloudi- 
ness and the least percentage of sunshine of any February 
on record. 

Overruning of cold continental air by moist Pacific air 
in the vicinity of the quasi-stationary frontal zone east 
of the Continental Divide (fig. 8) produced copious pre- 
cipitation in the Northern and Central Plains States. 
In addition, upslope wind components were indicated in 
this area by easterly mean flow relative to normal at both 
sea level (Chart XI Inset) and 700 mb. (fig. 5). More 
snow than for any other previous month was reported 
at Great Falls, Mont. (26.1 in.), and more than for any 
February of record at Goodland, Kans. As much as 
three times the normal amount of precipitation fell in 
parts of Montana, South Dakota, and Nebraska (Chart 
III-B), and Huron, S. Dak. recorded more precipitation 
than in any previous February. 
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mean sea level map (Chart XI), while the relative vorticity 
computed from the mean 700-mb. map was strongly 
cyclonic and much greater than normal throughout the 
eastern quarter of the United States (chart not shown). 
Several storms moved across the Gulf States and up the 
east coast during the month and deepened rapidly in the 
vicinity of the mean Low near Nova Scotia. Each was 
accompanied by gale winds and heavy, widespread rain 
and snow. Several of these cyclones recurved northwest- 
ward into eastern Canada and Hudson Bay, instead of 
proceeding on the customary track northeastward across 
the Atlantic. This behavior was a reflection of the block- 
ing, strong, easterly flow relative to normal, and the 
negative trough tilt in eastern Canada. 

In the remainder of the United States dry weather pre- 
vailed, with less than half of normal precipitation in most 
of the Mid-West. This was the driest February on 
record at Cincinnati, Ohio, Madison, Wis., Waterloo, 
Iowa, Escanaba, Mich., and Minneapolis, Minn. Dry 
weather in this area was associated with stronger than 
normal northwesterly flow at sea level and 700-mb., 
relatively weak cyclonic and frontal activity, and frequent 
passage of migratory anticyclones (Chart IX). 


4. EVOLUTION WITHIN THE MONTH 
A. CIRCULATION 


In order to illustrate some of the more interesting and 
extreme circulation states which existed during February 
1958, five selected 5-day mean 700-mb. charts have been 
reproduced as figure 9. The first of these charts is for the 
period February 1-5, when the 700-mb. zonal index 
reached its low point of the year (fig. 2). Principal fea- 
tures are the deep troughs and intense centers of negative 
height departure from normal off the east and west coasts 
of the United States, and the equally strong positive 
centers of height anomaly to the north, in blocking ridges 
over Alaska and Greenland. In all these characteristics 
figure 9A bears a striking similarity to the 700-mb. chart 
for January 7-11, 1956, the only 5-day period on record 
with an even lower zonal index [11]. 

The second map of the series, for the period February 
6-10 (fig. 9B), was selected to illustrate the great in- 
tensity attained by the twin blocking Highs over Davis 
Strait and northwestern Alaska. Positive height anom- 
alies of 840 ft. in the Alaskan High were the largest of the 
winter in that area; but the positive anomaly of 1150 ft. in 
Davis Strait was actually exceeded during several periods 
in January [4] (and also from February 4 to 8). 

The third map of the series, for February 15-19, (fig. 9C) 
coincides with the period of record high subtropical 
westerlies and the secondary minimum in the temperate 
westerlies (fig. 2). It is apparent that the unprecedented 


strength of the subtropical westerlies was a result of the 
intensification and elongation of the negative anomalies in 
the western Atlantic and eastern Pacific. 


Each of these 
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centers attained its maximum intensity of the winter dur- 
ing this period. 

In the first three maps of this series the basic wave pat- 
tern over the United States, consisting of ridge over the 
Rockies and trough along the east coast, persisted vir- 
tually unchanged from the pattern which had prevailed 
throughout the preceding month [4]. On the fourth map, 
however, for the period February 22-26 (fig. 9D), a new 
mean trough is apparent in the Southern Plains. This 
trough developed in response to the increasing wavelength 
between a retrograding trough in the eastern Pacific and a 
progressive trough in the western Atlantic. Figure 9D 
also illustrates the only period during the month with a 
high-index circulation (fig. 2), as blocking weakened and 
retreated to very high latitudes. Despite its above 
normal zonal index, figure 9D still exhibits a split jet 
stream over North America. 

The final map in the series, for the period February 27 
to March 3 (fig. 9E), is completely out of phase with the 
persistent wave pattern exhibited on the monthly mean 
charts for January and February, as well as on the first 
three maps of figure 9. This reversal in circulation was 
effected by marked deepening of the new trough in central 
United States at the same time that there developed a 
strong ridge in the eastern Pacific and a weak ridge in the 
western Atlantic. 


B. WEATHER 


The transition of weather during the month is con- 
veniently illustrated by figure 10, giving the departure 
from normal of surface temperature for five successive 
weeks as published in the Weekly Weather and Crop 
Bulletin. Figure 10A, showing the mean temperature for 
the week ending February 2, strongly resembles the 
temperature anomaly pattern for the months of December 
1957 and January 1958, with below normal temperatures 
in the Southeast and above normal in the remainder of the 
country. 

Marked cooling occurred by the second map of the 
series (fig. 10B) in nearly all areas east of the Continental 
Divide. Temperatures averaged below normal in parts 
of the Northern Plains for the first week this winter, as 
successive cold outbreaks were induced by intensification 
of the blocking High over Alaska shown in figure 9B. 

The intensity and extent of the cold air in the United 
States reached their peak during the third week of the series 
(fig. 10C). Below normal temperatures prevailed from 
the Continental Divide to the Atlantic Coast, with 
maximum departures of 21 F.° in parts of the Mississippi 
Valley. In northern New England temperatures averaged 
below normal for the first time this winter. The cold 
wave was most severe on the mornings of the 16th and 
17th, when dozens of cities in the eastern half of the 
United States broke records of long standing for daily 
minimum temperatures. A low of —23° at Mount 
Mitchell in North Carolina on the 17th was the lowest 
temperature ever recorded in that State. The cold was 


iso 
n- 
: 
or- 
de. 

in 
OW 

of 

of 
an 
the 
na, 
ge- 
na 

on 
the 
At 
\di- 
: 
air 
ast 
yre- 
in | 
oth 
ore 
ted 
any 
as | 
in 
E 
ern 
ville 
han 
yrd- 
ort 
tion 
ard 
mal | 
reak 

In 
t in 
east 
ord- 
now | 
OD | 
and 
ated 
neal 
oast 
y oD 
thly 


68 MONTHLY WEATHER REVIEW 


SPAN 


6 FEBRUARY 6-10,1958 | 


Mig 


iis 


A 


C. FEBRUARY 15.19, 1958 


accompanied by history-making snows along the Gulf 
and Atlantic coasts. On the morning of the 13th Talla- 
hassee, Fla., measured 2.8 in. of snow, the greatest 
accumulation there since records began in 1895. Another 
storm on the 16th and 17th set new 24-hour snowfall 
records at Blue Hill, Mass. (22.2 in.) and Schenectady, 
N. Y., while Burlington, Vt. and Reading, Pa. reported 
their deepest snowcover on record. 

By the fourth week of the series (fig. 10D) considerable 
warming occurred in the Great Plains and across the 
northern border, but the Southeast remained cold. At 


Ficure 9.—Five-day mean 700-mb. contours (solid) and height 
departures from normal (dotted) (both in tens of feet) for selected 
periods in February 1958. Map A illustrates the lowest zonal 
index of the year, B the most extensive blocking of the month, 
and C the fastest subtropical westerlies ever observed. Map D 
illustrates temporary high index and development of new trough 
in central United States, which subsequently deepened to intense 
vortex shown in map E, 


Corinth, Miss. temperatures averaged lower than for any 
previous week on record, while new low temperature 
marks were set for the 18th, 19th, and 20th at numerous 
cities in the South and East. On the other hand, many 
high temperature records were broken at western cities 
during each day of the week, and weekly temperatures 
averaged as much as 18 F.° above normal in Wyoming. 
Absolute maxima for any day in February were reported 
at Boise and Pocatello, Idaho on the 22d (67° F.) and at 
Sioux Falls, S. Dak. on the 23d. Warming in the West 
was associated with intensification of the upper-level 
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ridge in that area (fig. 9C), followed by flattening and 
acceleration of the westerlies (fig. 9D) during a period of 
temporary high index (fig. 2). 

A complete reversal in temperature pattern occurred by 
the last week of the series (fig. 10E) as temperatures finally 
climbed to above normal readings in the Southeast but 
dropped to below normal in the Southwest. This reversal 
was accompanied by marked deepening of the new trough 
which had developed in the central United States (fig. 9E). 


Ficgure 10.—Departures of average surface temperature from 
normal (F.°) for each week of February 1958. Map A represents 
persistence of the January pattern. The below normal tempera- 
tures expanded in area during the second week, attained maximum 
intensity during the third week, and contracted again in the 
fourth week. The final map marks a complete reversal in pat- 
tern, with above normal temperature in the Southeast for the 
first time this year. (From Weekly Weather and Crop Bulletin, 
National Summary, vol. XLV, nos. 5-10, Feb. 3, 10, 17, and 24, 
and Mar. 3, 1958.) 


Intense cyclonic activity in this trough produced the 
lowest pressure on record at numerous stations in Wash- 
ington on the 24th, Montana on the 25th, Texas, Okla- 
homa, and Arkansas on the 26th, and Arkansas, Missouri, 
and Illinois on the 27th. Sea level pressure in the center 
of the storm was estimated at 976 mb. in Missouri on 
February 27 (Chart X). The greatest amounts of precipi- 
tation ever observed in a 24-hour period were reported 
from Lincoln, Nebr. and Huron, S. Dak. on the 27th. 
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Tornadoes in Mississippi, floods in Texas and the North- 
east, and blizzard conditions in the Great Plains were 
additional highlights of the week. This storminess was 
preceded by abnormal warmth, with numerous cities in 
the Plains and Mid-West setting new daily maximum 
records on the 24th, 25th, and 26th, while new absolute 
highs for February were reported in the Dakotas on the 
25th (68° F. at Bismarck, N. Dak.). For further details 
about the intense cyclone in the central United States, 
the reader is referred to an adjoining article by Shellum 
and Tait. 

To summarize the transition within the month, it may 
be noted that intensification of the blocking at the begin- 
ning of the month (fig. 9A and B) led to outbreaks of 
extremely cold air in the eastern two-thirds of the United 
States around mid-month (fig. 10B and C). As this cold 
air streamed over the warm waters of the Gulf of Mexico 
and western Atlantic, conditions were favorable for 
baroclinic deepening of coastal storms at low latitudes. 
As a result, both the east coast trough (fig. 9C) and the 
subtropical westerly index (fig. 2) attained record-break- 
ing proportions shortly after mid-month. Northward 
motion of the principal centers of action during the next 
week was accompanied by strengthening of the westerlies 
at middle latitudes (fig. 9D). With the onset of high 
index (fig. 2), widespread warming occurred over the 
United States (fig. 10D and E). The intensity of this 
warming helped set the stage for record low sea level 
pressure and baroclinic deepening as a new trough de- 
veloped in the central United States (fig. 9E) at the end of 
the month. 
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A CLASSIC EXAMPLE OF RAPID CYCLOGENESIS 
IN THE MIDWEST, FEBRUARY 25-28, 1958 


HAROLD J. SHELLUM AND GORDON C. TAIT 
National Weather Analysis Center, U. S. Weather Bureau, Washington, D. C. 


1. INTRODUCTION 


A severe storm developed over the central High Plains 
on February 25, 1958 and grew so rapidly that by February 
26 the circulation around it encompassed almost all of the 
United States. As this rapidly cyclogenetic storm moved 
eastward, reaching its maximum intensity on February 27, 
it continued to dominate the weather over the eastern half 
of the United States. Many stations in Kansas and 
Oklahoma recorded their lowest sea level pressure on 
record as the storm crossed the Great Plains. 

A very interesting analogue of this storm occurred on 
February 27, 1902. A weather map of this analogue 
storm appears in Hydrometeorological Report No. 2 [1]. 
Oklahoma City, Okla. had recorded its previous record 
low sea level pressure during the 1902 storm, exactly 56 
years to the day earlier than the date of the new record 
set by the 1958 storm. 

After briefly describing the weather, this paper reviews 
some of the synoptic and dynamic aspects of the rapid 
cyclogenesis, with particular emphasis given to the upper 
troposphere. 


2. WEATHER 


Sharp temperature changes, widespread precipitation 
in the form of heavy rain, snow, and glaze, plus high winds, 
tornadoes, and floods highlighted the life of the sterm 
‘See, for example, fig. 3A). At many stations in Kansas 
ind Oklahoma passage of the Low resulted in the lowest 
pressure on record. On the night of February 26, 1958 
four tornadoes in Mississippi caused 12 deaths and 80 
injuries ; although no large towns were hit property damage 
was believed to be near one million dollars. Snowfall 
ranging from 3 inches in northern Oklahoma to 17 inches 
at Pierre, S. Dak. was preceded by a belt of glaze in 
eastern Nebraska and South Dakota. Winds of 50 miles 
per hour or more caused heavy drifting of the snow, 
blocking roads in many sections of Kansas, Nebraska, and 
South Dakota. Blizzard conditions actually continued 
8 many sections of South Dakota through March 2. 
Temperatures dropped sharply in the Far West on Febru- 
iry 26. Frost and freezing occurred in nearly all sections 
of Washington and Oregon on February 28. For the 


week of February 24 through March 2, temperatures 
averaged as much as 6° F. below normal in the south- 
western third of the country. Ahead of the storm temper- 
atures were above normal with departures ranging up to 
18 F.° or more in the upper Mississippi Valley. In the 
Southeast, this was the first mild week of the year [2]. 

General precipitation fell as the cold front associated 
with this storm moved across the Far West. On the 
Sacramento side of the Coast Range in California, rains 
totaling up to 8 inches or more made streams unusually 
high. Snow up to 5 feet was reported from some moun- 
tain areas of Utah. 

On February 26, 27, and 28 moderate to heavy rains 
fell in the Middle and South Atlantic Coastal States and 
heavy rain fell in New England. One to two inches of 
rain plus snow melt caused some flooding in southeastern 
New England. High tides produced by 50-m. p. h. winds 
occurred along the southwestern Connecticut coast where 
500 people were evacuated. 


3. CYCLOGENESIS AND THE JET STREAM 


Figure 1A shows the surface map at 1200 emr February 
25, 1958. At this time the main low pressure center was 
in southern Canada, just northof Montana. A cold front, 
which had been followed with good continuity all across 
the Pacific, became oriented through eastern Idaho south- 
westward through southern California. A well defined 
trough lay along this cold front, especially in the Rocky 
Mountain area; another trough lay to the lee of the 
Rockies. Figure 2A shows the surface map at 1200 omr 
February 26. During this 24-hour period rapid cyclo- 
genesis took place in the High Plains of Kansas and 
Nebraska. A Low with a central pressure of 978 mb. 
developed in western Kansas while the Low in southern 
Canada filled and moved rapidly northeastward. The Low 
in western Kansas occupied the same location where the 
1008-mb. isobar lay 24 hours earlier (note position through 
western Kansas on fig. 1A), indicating a fall there of about 
30 mb. Actually, most of the deepening took place 
between 1200 cmt February 25 and 0300 emr February 
26 when the first closed isobar around the Low appeared, 
centered near the intersection of the Colorado, Kansas, 
and Nebraska borders. During this 15-hour period most 
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Figure 1.—1200 GMT charts February 25, 1958. (A) Surface Ficure 2.—1200 omr charts, February 26, 1958. (A) Surface 
weather map with isobars (solid lines) at 4-mb. intervals and weather map with isobars (solid lines) at 4-mb. intervals and 


1000-500 mb. thickness contours (dashed lines) in hundreds of 1000-500-mb. thickness contours (dashed lines) in hundreds of ‘ 
feet and at intervals of 200 ft. (B) 500-mb. contours (solid lines) feet and at intervals of 200 ft. (B) 500-mb. contours (solid lines) fe 
and 500-250-mb. thickness contours (dashed lines) in hundreds and 500-250-mb. thickness contours (dashed lines) in hundreds li 
of feet and at intervals of 200 ft. (C) 250-mb. contours (solid of feet and at intervals of 200 ft. (C) 250-mb. contours (solid h 
lines) in hundreds of feet and at 400-ft. intervals, the 250-mb. lines) in hundreds of feet and at 400-ft. intervals, the 250-mb. (s 
jet stream (heavy solid lines) with arrows showing the direction jet stream (heavy solid lines) with arrows showing the direction 2 
of flow, and 250-mb. isotherms (dashed lines) at intervals of 5° C, of flow, and 250-mb. isotherms (dashed lines) at intervals of 5° ©. di 
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Ficure 3.—1200 emr charts, February 27, 1958. (A) Surface 
weather map with isobars (solid lines) at 4-mb. intervals and 
1000—-500-mb. thickness contours (dashed lines) in hundreds of 
feet and at intervals of 200 ft. (B) 500-mb. contours (solid 
lines) and 500-250-mb. thickness contours (dashed lines) in 
hundreds of feet and at intervals of 200 ft. (C) 250-mb. contours 
(solid lines) in hundreds of feet and at 400-ft intervals, the 
250-mb. jet stream (heavy solid lines) with arrows showing the 
direction of flow, and 250-mb. isotherms (dashed lines) at inter- 
vals of 5° C, 
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Figure 4.—1200 emt charts, February 28, 1958. (A) Surface 
weather map with isobars (solid lines) at 4-mb. intervals and 
1000-500-mb. thickness contours (dashed lines) in hundreds of 
feet and at intervals of 200 ft. (B) 500-mb. contours (solid 
lines) and 500-250-mb. thickness contours (dashed lines) in 
hundreds of feet and at intervals of 200 ft. (C) 250-mb. contours 
(solid lines) in hundreds of feet and at 400-ft intervals, the 
250-mb. jet stream (heavy solid lines) with arrows showing the 
direction of flow, and 250-mb. isotherms (dashed lines) at inter- 
vals of 5° C. 
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stations in western Kansas, southwestern Nebraska, and 
eastern Colorado showed falls of about 20 mb. 

The spectacular deepening of this storm over north- 
western Kansas between February 25 and 26 appears to 
be a classic example of the influx of sustained high-speed 
winds toward diverging cyclonically curved contours 
resulting in large contour falls downstream to the left 
of the inertial path of the strong winds. The effect of 
large-scale horizontal mass divergence in the upper tropo- 
sphere overcompensating the low tropospheric increase in 
density becomes particularly apparent in this storm. 

Mass divergence, i. e., depletion of mass, produces pres- 
sure or height falls at the base of the air column. This 
mass divergence involves the density field as well as the 
velocity field, and is of primary significance in estimating 
pressure or height changes. In the lower levels density 
transport makes the most significant contribution to the 
pressure change [3]. In the upper levels mass divergence 
largely results from horizontal divergence of velocity and 
therefore can be determined from the wind field. Since 
geostrophic winds are approximately nondivergent, the 
divergence must be a property of wind departures from 
the geostrophic condition. The dependence of surface 
pressure changes on divergence in the upper troposphere 
makes the upper wind structure of primary importance 
in surface development. The jet stream with its strong 
wind shears and considerable departures from the geo- 
strophic condition [4], must, therefore, play an important 
role in the formation and intensification of middle latitude 
cyclones. 

Scherhag [5] was among the first to introduce the idea of 
diverging upper contours as a basis for surface develop- 
ments. His rule can be stated as follows: “When cyclones 
develop, they do so in a ‘delta’ region, i. e., a region where 
upper contours diverge. They weaken or fill up in an 
entrance region where upper contours come together.” 
Sutcliffe and Forsdyke [6] reached much this same con- 
clusion from thermal patterns. They state that the 
combination of difluence of thickness lines is probably the 
most certain indication of cyclogenesis: “The advection 
set up by such pressure features tends to carry the cold 
trough forward, but with a weak thickness gradient ahead 
the systems do not readily break away from the thermal 
feature and the depression may deepen greatly with slow 
movement.” 

The level of maximum horizontal divergence is usually 
near the jet core level. For qualitatively detecting 
divergence, the large horizontal contrasts in wind speed 
as a result of the cumulative effect of the mean temperature 
field (thermal wind) are reflected more strongly in the 
higher levels. Thus, the 300-mb. or 250-mb. level would 


show the contrast between fast and slow wind speed zones 
even more markedly than the 500-mb. level. 

At 1200 emr February 25, 1958, the 500-mb. contours 
and the 500-250-mb. thickness (fig. 1B), the 250-mb. 
contours (fig. 1C), and the 1000-500-mb. thickness (fig. 
1A) all showed a very flat, cyclonically divergent area or 
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“delta” region over the Central and Southern Plains, just 
east of the Rockies. At this time, the sustained high 
speed jet, which had been moving eastward over the 
Pacific, was beginning to move over California. 
contour gradient was propagated downstream to the right 
of these high speed winds in a manner described by Bjerk- 
nes [7]. The resulting upper height falls to the left of the 
propagation of the high speed winds contributed to large- 
scale horizontal divergence in the upper troposphere. 

In view of the difficulty in measuring divergence 
directly from weather maps, it is more convenient to relate 
surface pressure changes to some quantity which is related 
to divergence. Vorticity issuch a quantity. The vertical 
component of vorticity relative to the earth in any current 
is composed of horizontal shear within the current and a 
curvature effect. The curvature effect is directly propor- 
tional to the wind speed and inversely proportional to the 
radius of curvature of the streamline. Thus the effect of 
wind speed vanishes when the curvature of the streamline 
is zero. This may help account for the frontal system 
moving rapidly across the Pacific with little development 
under a jet of great intensity, but having small streamline 
curvatures and uniform, though intense, wind shears along 
its axis. 


4. WARM AIR ALOFT AND THE JET STREAM 


On February 17, 1958, an area of abnormally warm air 
was present in the upper troposphere over southeastern 
China. This was particularly apparent when the teinpera- 
tures at several stations rose to the —25° to —30° C. range 
at 300 mb. More nearly normal temperatures for this 
level for this latitude are about —35° to —40° C. at this 
time of year. Yeh [8] has shown that the jet stream over 
southeastern Asia is almost invariant during the winter 
season near the latitude of 30° N. He shows the marked 
influence of the Himalayan mountain barrier in producing 
a strong confluence zone over eastern China. This natural 
jet stream was further strengthened by the intensification 
of the thermal gradient due to the influx of this warm upper 
tropospheric air from the south. The confluence of upper- 
level warm and cold currents and the resulting strong 
temperature gradient aloft are the essential features in the 
theory of Namias and Clapp [9] for the formation of the 
jet stream. Due to the fact that the change in wind with 
height is largely determined by the horizontal temperature 
gradient, it is clear that in the process of confluence there 
is a mechanism for producing a concentration of isotherms 
(or thickness lines) in a narrow zonal belt. 

The strongest jet moved eastward across the Pacific 
mainly between latitudes 30° and 40° N. maintaining 4 
strong temperature gradient and winds generally in excess 
of 150 kt. 


ently give all the upper air information that would be 
desired. However, the few reports available did give 
estimate that the jet was stronger than normal at this 


A strong 


Data through this area of the Pacific are very §; 
sparse and even the few stations reporting do not consist ); 
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time. This was borne out quite spectacularly by the tem- 
perature field at 300 mb. At 1200 amr February 21, the 
300-mb. temperature at Ship ““V” (34° N., 164° E.) rose 
to —29° C. After this, it dropped steadily to —50° C. 
at 1200 emt February 23. This high level warm air area 
was associated with the concentration of isotherms (con- 
fuence) and strong winds of the jet stream. At Midway, 
Lihue, and Hilo in the Hawaiian Islands the temperature 
rise Was not as apparent probably because they were too 
far south, but at Ship “‘N” (30° N., 140° W.) the 300-mb. 
temperature rose from —43° C. at 0000 emt February 22 
to —30° C., at 0000 amr February 24 after which it again 
fell. Stations in California were the next to show this 
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of the jet maxima as the jet crossed the United States 
during the 4-day period February 25-28, 1958. It appears 
that the center of the warm air aloft preceded the jet 
maximum by approximately 12 hours. Even at 500 mb., 
westerlies averaged 60 to 70 kt. stronger than normal, as 
indicated by the departure from normal charts. Well 
below normal heights existed to the north, and near to 
slightly above normal heights to the south throughout the 
history of this jet across the Pacific and the United States. 


5. ADDITIONAL FACTORS OF DEVELOPMENT 


Experience shows that almost all cyclogenesis at sea 


marked high-level warming. At 1200 amr February 23 the 
300-mb. temperatures at these stations ranged from —47° 
oT- B to —48° C. and at 0000 emt February 25 they were —36° 
to —38° C., and by 0000 emr February 26 they were 
of § -31° to —34° C. The denser network of stations over 
the United States greatly increased the definition of this 
high tropospheric warming as it moved eastward. 

Figure 1C shows a closed —40° C. isotherm at 250 mb. 


level occurs in advance of an upper trough; i. e., under an 
area of divergence and positive vorticity advection in the 
upper troposphere. Since cyclogenesis at sea level requires 
convergence of appreciable amounts, particularly in the 
lower troposphere, there must be appreciable amounts of 
divergence in the upper troposphere to more than offset 
these low level effects. Petterssen, Dunn, and Means [10] 
formulated and tested a working hypothesis that “cyclonic 


over northern California at 1200 emr February 25. Cor- 
responding to this, figure 1B shows an anticyclonic curva- 
jure of the 500-250-mb. thickness (note the 16,400-ft. 
thickness line) along the California coast. By 1200 emr 
February 26 (fig. 2C) there was a closed —35° C. isotherm 
it 250 mb. over the New Mexico and western Texas area, 


development at sea level occurs when and where an area 
of positive vorticity advection in the upper troposphere 
becomes superimposed upon a frontal zone at sea level.” 
They show that conditions favorable for large positive 
vorticity advection are: (a) rapid decrease in curvature 
of contours ahead of the trough line, (b) rapidly diverging 


ait Bind the anticyclonic curvature of the 500-250-mb. thick- (fanning) contours ahead of the trough line, and (c) 
em Hues (fig. 2B) had moved to this same area. Note too, strong winds. 
ra- # the packing of the thickness lines from New Mexico west- As we have seen, there was an intense area of high- 
nge Bvard. By 1200 cmr February 27 (fig. 3C) the area en- level divergence centered over the southern Rockies and 
this fi dosed by the —35° C, isotherm had increased in size and central and southern High Plains area at 1200 omr 
this Batended from over Arkansas to northwestern Georgia. February 25 (figs. 1B and 1C). This is in agreement 
ver BThe anticyclonic curvature of the 500-250-mb. thickness with the above hypothesis. In figure 6, the 12-hour 
nter @ (ig. 3B) extended over the same area, but by this time 500-mb. height change was superimposed over the corre- 
ked Bitte air had become even warmer with a closed 16,600-ft. sponding 12-hour surface pressure change for 1200 er 
cing @ thickness contour over the northern Gulf of Mexico and February 25. In the area of northern Nevada there was 
ural Biouthern Gulf States. Note again the packing of the already an appreciable fall of just over 600 ft. at 500 mb. 
tion @thickness lines from Tennessee westward. By 1200 eur The location of the large fall area to the southwest indi- 
pet Biebruary 28, this now familiar pattern had the —35° C. cates a considerable increase in vorticity along the coast 
pel’ Btosed isotherm at 250 mb. centered over Maryland (fig. of California. This was tied in with the concept of posi- 
ong #{C) while the 500-250-mb. thickness had a corresponding tive vorticity advection as the pressure gradient had 
| the Buticyclonic curvature in the same area (fig. 4B) with the increased and the higher speed winds were moving into 
‘the Burge closed warm 16,600-ft. thickness contour centered the trough area. Note that the surface zero isallobar 
with Hier the Carolinas. The packing of the thickness lines through Nevada intersected the fall of 600 ft. at 500 mb. 
ture Ho the west is again notable. The maintenance of this Thus, the thickness between the surface and 500 mb. 
here igh level warm area, as it moved over the central and decreased by 600 ft. indicating the strong baroclinicity 
erms @ustern United States at a speed much slower than the at this time. From a check back to the 0000 cGmr maps 
_ grads through it, certainly must be attributed to the very for February 25 to get a 12-hour estimate of the indicated 
cific Bong subsidence and associated divergence. cold advection, it was found that advection alone could 
mg*@ The jet maximum continued to be very strong as it account, at most, for approximately 200 ft. of this fall. 
xceS Brossed the United States in association with this very The remaining 400 ft. of the decrease in thickness was 
vely Bstong confluence zone, with winds generally in excess of necessarily a result of strong vertical motions that were 
isis HS kt. and near 200 kt. at many places. Figure 5 shows becoming significant at this time. Note also, in figure 6, 
d be Bite successive 24-hour (1200 emt) positions of the 150-kt. that the largest surface fall area of —20 mb. was located 


‘tach at the 300-mb. level with the approximate centers 


just north of western North Dakota and an extensive 
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Ficure 5.—Successive 24-hour (1200 amr) positions of 150-kt. isotach at the 300-mb. level, February 25-28, 1958. The approximate 
centers of the jet maximum are denoted by X. 


fall area extended southwestward from Wyoming. Scher- 
hag’s [5] rule for displacement and intensity of isallobaric 
areas is as follows: “If the isallobars are moving toward 
diverging contours aloft (delta region) the intensity of 
the fall area would be increased or rise area decreased.” 

Twenty-four hours later, at 1200 emr February 26, 
the 12-hour 500-mb. height change (fig. 7) showed a 
200-ft. fall area over the entire central portion of the 
United States with a fall area of more than 400 ft. cen- 
tered in eastern New Mexico. Again, the position of 
the fall area at 500 mb. indicated the increase in vorticity 
into eastern New Mexico with the increase of gradients 
and cyclonic curvature (figs. 2B and 2C). At this same 
time the 12-hour surface pressure change had a fall area 
of 16 mb. centered near Ponca City, Okla. Over New 
Mexico and southern Colorado the surface zero isallobar 
under the 400-ft. fall area at 500 mb. showed a decrease 
in the thickness of 400 ft. indicating the continuing baro- 
clinicity at this time. Also, the 1000—500-mb. thickness 
lines (fig. 2A) were perpendicular to the surface isobars 
indicating considerable cold advection from eastern New 
Mexico westward. To the east of the surface fall center 
and within the area of 200-ft. falls at 500 mb., further sea 
level development was also indicated because the upper 
falls were not compensated by low thickness advection or 
by adiabatic lifting in the convergence area ahead of the 
trough. In this area, the surface and 500-mb. levels 
each appeared to be falling approximately the same 
amount indicating that the contribution to development 
must have been a decrease of mass above 500 mb. Slightly 
more development did occur during the next 24 hours as 
the Low moved southeastward through northeastern 
Oklahoma then recurved toward the northeast. 

At 1200 emr February 27 (fig. 3A) the Low was located 
just south of Columbia, Mo. At this time the area of 


strongest cold air advection appeared well to the south, 
along the northern Gulf of Mexico westward through 
Texas. Since the area was under a very strong high level 
flow it was displaced rapidly eastward. The thickness 
field around the Low appears to have been an exaggerated 
form of the sinusoidal or “S’”’ pattern after Sutcliffe and 
Forsdyke [6]. They state, ‘“‘The reverse thermal gradient 
over the cyclonic region is not in harmony with wave-like 
thermal steering and the situation is liable to evolve fw- 
ther with little movement.” Actually, the Low reached 
its maximum intensity at 1500 emr February 27 near 
Columbia, Mo. where a sea level pressure of 973 mb. was 
reported. During this 24-hour period the Low looped 
through west-central Missouri, and by 1200 amr February 
28 (fig. 4A) it was a filling Low located in southwestern 
Illinois with almost no thickness gradient around it. 


6. DIVERGENCE AND SUBSIDENCE 


With rapidly deepening Lows, the change in mass in the 
stratosphere and upper troposphere contributes more to 
the local surface pressure change than does the lower 
tropospheric change in density. Warming is frequently 
observed in the stratosphere over deepening surface Lows 
pointing to subsidence in the lower stratosphere, or above 
the level of maximum horizontal divergence. This warm- 
ing is accompanied by lowering heights of the constant 
pressure surfaces in the lower stratosphere, indicating 4 
decrease in mass at high levels as a result of subsidence 
uncompensated for by inflow above. Vederman [!]] 


studied the density and mass changes in columns of aif 
moving with 25 rapidly deepening Lows east of the 
Rockies, all of which deepened 10 mb. or more. He 
showed that the air column over the moving center became 
progressively cooler and denser in the lower half of the 
atmosphere as the storm deepened, and that the removal 
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of mass necessary to produce the lowering surface pressure 
had a preferred region in the top one-third of the atmos- 
phere, as shown by the marked warming he observed 
between 300 and 100 mb. 

A study was made of the vertical structure of the Low 
from the time of its formation in northwestern Kansas 
until it was near Columbia, Mo. Fortunately, each 12- 
hour position of the Low center was remarkably close to a 
radiosonde station (first Denver, Colo., then Dodge City, 
Kans., then Oklahoma City, Okla. and finally Columbia, 
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, Mo.). The results followed very closely those obtained 
by Vederman. The Oklahoma City raob (fig. 8) was very 
\ representative of the conditions from which our con- 
\ clusions were reached. This raob is of further interest 
4 because Oklahoma City reported a record low sea level 
, pressure reading of 975.2 mb. at 2133 amr February 26, 
- Jess than 3 hours before raob release time. 
te At 0000 emt February 26 Oklahoma City reported a 
sea level pressure of 1000 mb., and at 0000 emr February 
27 a reading of 981 mb., or a net fall of 19 mb. during the 
24-hour period. This was equivalent to a 520-ft. fall of | Fiaure 6.—12-hour surface isallobars (solid lines) at 4~mb. intervals 
the height of the 1000-mb. surface. Figure 8 shows the and 12-hour 500-mb. height change (dashed lines) in feet for the 
gh days. The layers below approximately 400 mb. cooled "3 ae 
vel while the layers above warmed considerably. This cool- 
oss ing, or increase in density amounted to a decrease in 
ed thickness of 430 ft. between the surface and 400 mb. At 
nd the same time, the warming showed an increase of 820 ft. 
nt in thickness between 400 mb. and 150 mb. Thus the 
ike | total thickness between the surface and 150 mb. increased 
w- — by 390 ft. The 150-mb. level actually lowered by 130 ft. 
sed This 130 ft. of lowering plus the 390-ft. increase in thick- 
ear ness equals the 520-ft. fall in height recorded at the surface. 
vas The major contribution to the fall in pressure at the sur- 
ped fF face thus came from the layer of warming above 400 mb. 
ary & wd particularly the layer of maximum horizontal di- 
ern & Vergence. In the Oklahoma City sounding, the temper- 
ature curve was almost isothermal from 400 mb. to 150 
mb. indicating that considerable subsidence must have 
occurred. This warming by subsidence caused by the 
the — ‘divergence field was noted at all of the raob stations in 
to the path of the Low. 
wer The high-level warming was also very evident to the 
ily sath of the Low, as hes bom shown, slong the path of Ficure 7.—12-hour surface isallobars (solid lines) at 4-mb. intervals 
es . Interv 
owt Bf the very strong jet. The level of warming seemed to “1.4 12 hour 500-mb, height change (dashed lines) in feet and for 
jove @ *ppear at successively lower levels southward through the period 0000 aur to 1200 aur February 26, 1958. Rise and 
mm- & the jet area. For instance, at 1200 amr February 27 at _ fall areas are indicated by plus or minus signs. 
tant Fort Worth, Tex. the maximum increase in temperature 
ug 4 B curred in the layer between approximately 460 mb. and 
ence § 260mb. At the same time at Bryan, Tex. the maximum ; 
[11] § “crease was in the layer between about 540 mb. and 270 thermal wind between the 20,000-ft. and 22,000-ft. levels 
f ait § ™b. The jet maximum at the 500-mb. level appeared and also the fact that this was the highest reported level 
the § ver the Bryan area (fig. 3B), while at the 250-mb. level gives rise to some doubt as to the validity of this report. 


He & (fig. 3C) it was through northern Texas, and at the 300- Why such a strong wind should exist at this low level 


ame § ™b. level (fig. 5) near the Fort Worth area. At this time would require a study in itself. However, it does at least 
the & Bryan reported a wind of 170 kt. at 18,000 ft., 190 kt. at show that the subsidence effect must have been con- f 
oval F 0,000 ft., and 117 kt. at 22,000 ft. The implied excessive siderable. * 
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Fiaure 8.—Oklahoma City raobs for 0000 cmt February 26, 1958 
(dashed curve) and for 0000 amr February 27, 1958 (solid curve). 


The temperature field above the jet at 500 mb. seemed 
to reverse; at 250 mb. (note temperature field in fig. 3C) 
and also at 300 mb., it was actually slightly warmer 
through northern Texas and Arkansas than in southern 
Texas and along the Gulf Coast. This may help account 
for the northward displacement of the 300- and 250-mb. 
jets from the 500-mb. position. 


7. JET PROPAGATION ASSOCIATED WITH STORM 
DEVELOPMENT 


The high-speed winds (at 500 mb. and above) (figs. 1B 
and C) that entered the California area were supergradient 
as they encountered the weaker pressure gradient area 
over the southern Rockies and central and southern High 
Plains. Their deflection to the right toward higher pres- 
sure and consequent deceleration tended to slow up the 


southeastward progress of the isotach maximum which 
in this case tended to move at about 40 to 45 kt. The 
high-speed winds could not propagate southeastward unti] 
the pressure to the north had fallen sufficiently to strength. 
en the contour gradient farther south enough to balance 
the Coriolis and centrifugal forces of the high-speed 
parcels. By 1200 emr February 26 (figs. 2B, 2C, and 5) 
the isotach maximum as implied by the upper-level 
contours had penetrated to western Arizona. The upper 
trough continued to increase in amplitude until the con- 
tour gradient was strong enough to balance the Coriolis 
and centrifugal forces of the high-speed air crossing the 
trough line. This condition was reached at about 1200 
emt February 27 (figs. 3B and C). As the ridge to the 
east had diverging contours with a weaker gradient the 
isotach maximum moved slightly more slowly. When 
the height falls strengthened the contour gradient east 
of the trough and to the left of the isotach maximum 
sufficiently to balance the high speed winds emerging 
from the southern part of the trough, the isotach mavi- 
mum was propagated northeastward with undiminished 
speed and by 1200 emr February 28 (figs. 4B, 4C, and 5) 
was located in the area of southeastern Tennessee. 

The propagation of the isotach maximum was related 
to the following developments: While the maximum 
winds were on the west side of the upper trough (figs. 
1, 2, and 5) the trough deepened, the surface Low deep- 
ened, and the high-level height falls moved south of east. 
When the maximum winds were in the southern part of 
the upper trough (figs. 3, 5) the height falls moved east- 
ward and the trough did not change much in amplitude. 
At this time, 1500 emr February 27, the surface Low 
reached its maximum development with a central pressure 
of 973 mb. near Columbia, Mo. When the maximum 
winds penetrated to the east side of the trough, the 
trough began to fill and the surface Low looped and also 
filled. By 1200 emr February 28, the high-level height 
falls had moved northeastward; on the surface map the 
filling Low was located in Illinois with redevelopment 
along the east coast (figs. 4, 5). 


8. SUMMARY 


The cyclogenesis and movement of this storm in the 
Midwest could be called a “classic” in its pattern of 
development. A much above normal high-speed jet moved 
into an area of diverging cyclonically curved contout. 
The resulting strong divergence in the upper tropospher 
was apparently the most important effect which caused 
the marked height falls aloft and the record-breaking set 
level pressure readings at the surface. Vigorous vertiet! 
motions were also created as a result of the strong hor- 
zontal divergence. Vorticity advection and the je! 
maximum propagation also were closely associated with 
the deepening, movement, and filling of the storm at the 
surface. 
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Description of Charts 


CHART I. A. Average Temperature (° F.) at Surface. 
B. Departure of Average Temperature from Normal.— 
The average monthly temperature presented in Chart I-A 
is computed from the average daily maximum and the 
average daily minimum which in turn are computed from 
the daily maximum and minimum temperatures reported 
by some 225 first-order Weather Bureau stations and 700 
cooperative stations. The departures from normal are 
presented in Chart I-B. They are based on the 30-year 
normals (1921-50) for the first-order Weather Bureau 
stations and on means of 25 years or more (mostly 1931-— 
55) for the cooperative stations. 

CHART II. Total Precipitation.— 

CHART IIT. A. Departure of Precipitation from Normal 
(inches). B. Percentage of Normal Precipitation.—Chart IL 
is based on daily precipitation records at about 800 
Weather Bureau and cooperative stations. In Chart III 
the anomaly in the month’s precipitation is shown as a 
departure from the normal total and as a percentage of 
the normal total. These anomalies show the deviations 
from the 30-year normals (1921-50) for about 225 first- 
order Weather Bureau stations in Charts III-A and B, 
supplemented in Chart III-A by the deviation from means 
of 25 years or more (mostly 1931-55) for about 700 
cooperative stations. 

CHART IV. Total Snowfall.— 

CHART V. A. Percentage of Normal Snowfall. B. 
Depth of Snow on Ground.—Chart IV gives the total 
depth in inches of unmelted snowfall as reported during 
the month by Weather Bureau and cooperative stations. 
This is converted in Chart V-A into a percentage of the 
normal total amount computed for each Weather Bu- 
reau station having at least 10 years of record. The depth 
of snow on ground is that reported by both Weather 
Bureau and cooperative stations as of 7:00 a. m. EsT on 
the last Monday of the month. This is reported only for 
the months December through April. The snowfall 
charts are presented each month November through 
April. 

CHART VI. A. Percentage of Sky Cover Between Sunrise 
and Sunset. B. Percentage of Normal Sky Cover Between 
Sunrise and Sunset——These charts are based on visual 
observations made hourly at Weather Bureau stations 
and averaged for the month. Sky cover includes, in 
addition to cloudiness, obscuration of the sky by fog, 
smoke, etc. Normal amount of sky cover is computed 
for stations having at least 10 years of record. 

CHART VII. A. Percentage of Possible Sunshine. B. 
Percentage of Normal Sunshine ——Chart VII-A shows the 
amount of sunshine received in terms of percentage of the 
total hours of sunshine possible during the month. In 
Chart VII-B this is shown as a percentage of the normal 


number of hours of sunshine received; normals are com- 
puted for Weather Bureau stations having at least 10 
years of record. 

CHART VIII. Average Daily Values of Solar Radiation, 
Direct and Diffuse.—Plotted on the chart are the monthly 
means of daily total solar radiation, both direct and diffuse 
in langleys (gm. cal. cm.~*) for all Weather Bureau stations 
which record this element. Supplementary data, for 
which limits of accuracy are wider than for those data 
shown, are drawn upon in making the analysis. The 
inset shows the percentages of the mean based on the 
period 1951-55. 

CHART IX. Tracks of Centers of Anticyclones at Sea 
Level.— 

CHART X. Tracks of Centers of Cyclones at Sea Level — 
Centers which can be identified for 24 hours or more are 
tracked in these charts. Semi-permanent features such 
as the Great Basin and Pacific Highs and Colorado and 
Mexico Lows are not shown. The 7:00 a. m. ust positions 
are shown by open circles, with the intermediate positions 
at 6-hour intervals shown by solid dots. The date is given 
above the circle and the central pressure to whole millibars 
below. A dashed track indicates a regeneration rather 
than actual movement to the next position. Solid squares 
indicate position of stationary center for period shown 
beside it. 

CHART XI. Average Sea Level Pressure (mb.) and Surface 
Windroses.—The average monthly sea level pressure is 
obtained from the averages of the 7:00 a. m. and 7:00 
p. m. EsT pressures reported at Weather Bureau stations. 
Windroses are based on the hourly wind directions (to 16 
points of the compass) reported by Weather Bureau 
stations, each circle or are indicating 5 percent of the 
time. The inset shows the departure of the average 
pressure from the normal average computed for each 
station having at least 10 years record and for each 
10° intersection in a diamond grid over the oceans from 
interpolated values read from the Historical Weather 
Maps for the 20 years of best coverage prior to 1940. 

CHARTS XII-XVII. Average Height, Temperature, and 
Resultant Winds, 850, 700, 500, 300, 200, and 100 mb.— 
Height is given in geopotential meters and temperature i 
degrees Celsius. These are the averages of the 1200 ext 
radiosonde reports. Wind speeds are given in knots; flag 
represents 50 knots, full feather 10 knots, and half feather 
5 knots. Directions are shown to 360° of the compass. 
Winds are based on rawins at 1200 Gar. 

NOTE. Tabulations of exact values of most of these 
charted elements for Weather Bureau stations are printed 
each month in Climatological Data—National Summary, 
and annual averages are presented in the Annual Issue 
of that publication each year. 
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B. Departure of Average Temperature from Normal (°F.), February 1958. _ 


- A. Based on reports from over 900 Weather Bureau and cooperative stations. The monthly average is half the sum of the monthly 
average maximum and monthly average minimum, which are the average of the daily maxima and daily minima, respectively. 
B. Departures from normal are based on the 30-yr. normals (1921-50) for Weather Bureau stations and on means of 
25 years or more (mostly 1931-55) for cooperative stations. 
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B. Percentage of Normal Precipitation, February 1958. 
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Normal! monthly precipitation amounts are computed from the records for 1921-50 for Weather Bureau stations and from 
records of 25 years or more (mostly 1931-55) for cooperative stations. 


Chart III. A. Departure of Precipitation from Normal (Inches), February 1958. 
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B. Depth of Snow on Ground (Inches), 7:00 a. m. E.S.T., February 24, 1958. 
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A. Amount of normal monthly snowfall is computed for Weather Bureau stations having at least 10 years of record. 
B. Shows depth currently on ground at 7:00 a.m. E.S.T., of the Monday nearest the end of the month. It is based on reports 
from Weather Bureau and cooperative stations. Dashed line shows greatest southern extent of snowcover during month. 


Chart V. A. Percentage of Normal Snowfall, February 1958. 
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Chart VI. 


1958. 


A. Percentage of Sky Cover Between Sunrise and Sunset, February 
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A. In addition to cloudiness, sky cover includes obscuration of the sky by fog, smoke, snow, etc. Cha 


B. Percentage of Normal Sky Cover Between Sunrise and Sunset, February 1958. 


rt based on 


visual observations made hourly at Weather Bureau stations and averaged over the month. B. Computations 


of normal amount of sky cover are made for stations having at least 10 years of record. 
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Chart VII. A. Percentage of Possible Sunshine, February 1958. 
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B. Percentage of Normal Sunshine, February 1958. 


A. Computed from total number of hours of observed sunshine in relation to total number of possible hours of 
sunshine during month. B. Normals are computed for stations having at least 10 years of record. 
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